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there’s  another  patient  with  symptoms  less  clearly  defined 

yet  as  distressing  . . .  headaches, 
insomnia,  mental  and  physical  fatigue. 

Her  symptoms  may  also  be  indicative  of  declining  ovarian  function,  and  occur 

several  years  before,  and  even  long  after,  menstruation  ceases.  ^ 

This  patient,  too,  may  be  expected  to  benefit  from  “Premarin”  therapy, 


^iLriut^LlLr^®  is  a  complete  equine  estrogen-complex. 

It  not  only  produces  prompt  symptomatic  relief,  but  also  imparts 
a  distinctive  “tense  of  well-being” 

^  highly  gratifying  to  the  patient.  It  is  tasteless  and  odorless. 

“Premarin,”  estrogenic  substances  (water-soluble), 

'  also  known  as  conjugated  estrogens 

(c<iuine),  is  supplied  in  tablet 
ISAKk  and  liquid  form. 
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CHANGES  IN  THE  ENZYMATIC  CONSTITUTION  OF 
THE  VENTRAL  PROSTATE  GLAND  INDUCED  BY 
ANDROGENIC  HORMONES 

H.  G.  WILLIAMS-ASHMAN' 

The  Ben  May  Laboratory  for  Cancer  Research,  University  of  Chicago, 

Chicago,  Illinois 

SOME  enzymatic  activities  in  intact  and  broken  cell  preparations  of 
canine  and  human  prostate  tissue  have  been  investigated  by  Barron 
and  Huggins  (1944,  1946,  a,  b).  The  striking  effects  of  androgens  on  the 
respiration  of  canine  prostate  (Barron  and  Huggins,  1944)  have  also  been 
demonstrated  in  the  ventral  prostate  gland  of  the  rat  (Nyden  and  Wil¬ 
liams- Ashman,  1953).  The  enzymatic  constitution  of  the  latter  organ  is 
relatively  unexplored.  Davis,  Meyer  and  McShan  (1949)  have  measured 
the  succinic  oxidase  and  cytochrome  oxidase  activities  of  this  tissue  and 
Awapara  (1952  a)  has  reported  measurements  of  certain  transaminase  ac¬ 
tivities.  Rudolph  and  Starnes  (1952)  have  studied  the  oxidation  of  acetate- 
1-C^^  by  rat  prostate  slices. 

This  paper  will  describe  measurements  of  the  activity  of  a  number  of 
enzymes  in  the  rat  ventral  prostate  and  changes  in  these  values  induced  by 
androgens.  In  view  of  the  postulated  absence  of  the  tricarboxylic  acid  cycle 
in  prostatic  tissue  (Rudolph  and  Starnes,  1952;  Awapara,  1952  b)  and  of  the 
intense  accumulation  of  citric  acid  which  results  from  androgenic  stimula¬ 
tion  (Mann  and  Parsons,  1950),  attention  has  been  given  toward  the  en¬ 
zymes  of  the  tricarboxylic  acid  cycle  and  especially  those  involved  in  the 
degradation  of  citric  acid  viz.  aconitase  and  isocitric  dehydrogenase.  The 
enolase  activity  of  this  organ  has  also  been  investigated  in  the  light  of  the 

Received  for  publication  June  5,  1953. 
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alleged  influence  of  androgenic  hormones  on  this  enzyme  (Kun,  1950; 
Dirscherl  and  Hauptman,  1950). 


METHODS 

Commercial  samples  of  DPN*  (purity  of  0,53  to  0.58)  were  purified  chromatographi- 
cally  on  Dowex-1  resins  according  to  an  unpublished  procedure  of  A.  Kornberg  and  B.  L. 
Horecker.  The  purity  of  the  samples  used  ranged  from  0.80  to  0.87.  TPN  (purity  0.62) 
was  obtained  from  the  Sigma  Chemical  Co.  DPNH  was  prepared*essentially  according 
to  Ohlmeyer  (1938),  2-P-G  was  synthesized  by  the  method  of  Kiessling  (1935).  All 
other  materials  were  obtained  commercially. 

Acetone  powders  were  prepared  as  follows:  The  ventral  prostate  tissue  was  removed 
immediately  after  killing  the  animals  by  cervical  fracture,  and  dissected  free  of  as  much 
fat  and  connective  tissue  as  possible.  The  glands  were  placed  in  iced  water  and  cooled 
in  an  ice  bath  for  30  minutes.  The  tissue  was  homogenized  in  an  all  glass  apparatus  im¬ 
mersed  in  an  ice-salt  bath,  approximately  20  per  cent  homogenates  being  prepared.  Five 
volumes  of  acetone  (—25°)  were  added  with  stirring,  and  the  mixture  centrifuged  at 
—5°.  The  precipitate  was  washed  three  times  with  acetone  and  dried  in  vacuo  over  CaCh. 
In  preparing  the  extracts  the  dry  powder  was  pulverized,  weighed  and  extracted  by 
trituration  with  30  volumes  of  0.01  M  NaHCOs  at  0°  for  one  hour.  The  mixture  was 
centrifuged  for  30  minutes  at  5,000  Xg  at  0°,  the  resulting  clear  supernatant  fluid  being 
used  for  the  determinations  of  enzyme  activity. 

The  animals,  diets,  tube  feeding  regime  and  surgical  techniques  employed  are  de¬ 
scribed  elsewhere  (Nyden  and  Williams- Ashman,  1953). 

Spectrophotometric  determinations  of  enzyme  activities  were  performed  with  a  Beck¬ 
man  D.U.  spectrophotometer  using  quartz  cells  of  1  cm.  light  path.  All  estimations  were 
performed  at  27-29°.  Unless  otherwise  stated  the  reactions  were  initiated  by  the  addition 
of  enzyme.  Blank  cells  containing  all  the  reactants  except  the  substrate  were  always  run 
in  order  to  compensate  for  any  changes  in  optical  density  due  to  endogenous  substrates 
etc.  All  values  recorded  are  corrected  for  such  changes.  No  turbidity  was  present  in  any 
of  the  assays  described.  The  volume  and  composition  of  the  test  solutions  are  described 
under  the  relevant  protocols. 

Protein  was  determined  spectrophotometrically  according  to  Warburg  and  Christian 
(1943)  and  nitrogen  by  the  Kjeldahl  technique.  DPN  was  estimated  with  the  aid  of 
alcohol  dehydrogenase  and  ethanol  at  pH  9  (Hacker,  1950  a)  and  TPN  was  determined 
with  purified  G-6-P  dehydrogenase  (Kornberg,  1950). 


RESULTS  AND  DISCUSSION 

Determination  of  enzyme  activities  in  acetone  'powder  extracts 

Initial  attempts  to  measure  the  activity  of  a  number  of  prostatic  en¬ 
zymes  by  spectrophotometric  tests  using  unfractionated  and  centrifuged 
homogenates  of  fresh  tissue  were  largely  unsuccessful.  The  turbidity  of 
such  preparations  proved  to  be  very  troublesome.  Estimations  of  the  reduc- 

*  The  following  abbreviations  are  employed:  DPN  =  diphosphopyridine  nucleotide; 
TPN  =  triphospho-pyridine  nucleotide;  DPNH  =  dihydrodiphosphopyridine  nucleotide; 
G-6-P  =  glucose-G-phosphate;  2-P-G  =  2-phosphoglycerate;  TPNH  =  dihydrotriphospho- 
pyridine  nucleotide. 
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tion  of  pyridine  nucleotides,  or  the  oxidation  of  reduced  pyridine  nucleo¬ 
tides,  by  various  substrates  were  severely  complicated  by  the  presence  of 
enzymes  which  catalyzed  the  destruction  of  pyridine  nucleotides,  by  power¬ 
ful  DPNH  and  TPNH  oxidases,  and  by  the  reduction  of  pyridine  nucleo¬ 
tides  by  endogenous  substrates. 

Acetone  powder  extracts  were  found  to  be  suitable  for  studies  of  most  of 
the  enzymes  described  in  this  paper.  Under  the  extraction  conditions  em¬ 
ployed  the  amounts  of  protein  and  nitrogen  extracted  from  one  powder  to 
another  were  remarkably  similar  with  ventral  prostate  tissue  derived  from 


Table  1.  Extraction  of  protein  from  prostate  acetone  powders 


Treatment  of  animals 

Eiso* 

E2J0 

Mg. 
protein 
per  cc. 

.Mg. 
nitrogen 
per  cc. 

Sham  operated 

1.10 

11.2 

1.86 

Castrated 

1.14 

11.9 

1.93 

Castrated  and  treated  with  testosterone 
propionate 

0.96 

11.5 

1.96 

*  Ratio  of  optical  density  at  280  m/u  to  that  at  260  m/i  in  0.033  M  sodium  phosphate 
buffer  pH  7.4. 

Powders  obtained  from  Series  1  of  Table  2. 


normal  and  castrated  animals,  and  castrated  animals  treated  with  andro¬ 
gens  (Table  1).  The  enzyme  activities  observed  are  given  in  terms  of  units 
per  mg.  protein,  but  the  relative  values  obtained  were  virtually  the  same  if 
expressed  in  terms  of  either  units  per  mg.  nitrogen  or  units  per  mg.  dry 
weight  of  acetone  powder.  In  each  series  of  experiments  tissue  was  pooled 
from  a  number  of  animals  which  tended  to  iron  out  differences  between  the 
activity  of  the  individual  members  of  each  group.  In  all  measurements  of 
enzyme  activity  the  final  dilution  of  the  extracts  were  such  that  the  rates 
measured  were  directly  proportional  to  the  amount  of  protein  added  and 
the  reactions  were  of  zero  order  over  the  periods  used  to  calculate  the  rates. 
A  typical  plot  of  rate  of  reaction  with  different  enzyme  concentrations  for 
ventral  prostate  aconitase,  with  both  citrate  and  isocitrate  as  substrates,  is 
shown  in  Figure  1.  In  all  the  optical  tests  the  concentration  of  substrates 
and  cofactors  were  optimal;  increasing  them  two  fold  did  not  significantly 
alter  the  rates  observed. 

Influence  of  androgens  upon  glycolytic  and  respiratory  enzymes  in  rat  ventral 
prostate 

Values  for  the  activity  of  a  number  of  glycolytic  and  respiratory  enzymes 
in  ventral  prostate  tissue  of  normal  rats,  and  of  castrated  animals  with  or 
without  further  treatment  with  testosterone  propionate  are  shown  in 
Tables  2,  4  and  6.  The  activity  of  the  pyridine  nucleotide  linked  dehydro- 
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Table  2.  Influence  of  androgens  on  prostatic  hydrases 


Series 

Units  per  mg.  protein* 

S 

C 

C-bT 

1 

Fumarase 

36.2 

28.2 

40.2 

2 

51.5 

30.4 

50.1 

3 

31.5 

24.3 

39.5 

Mean 

39.7 

27.6  ' 

43.3 

1 

Aconitase 

24.0 

12.4 

26.1 

2 

26.7 

14.1 

25.4 

Mean 

25.3 

13.5 

25.7 

1 

Enolase 

30.8 

40.2 

33.2 

2 

37.0 

37.1 

41 .9 

Mean 

33.9 

38.7 

37.5 

*  Reaction  carried  out  in  final  volume  of  3.0  cc.  at  27°,  and  initiated  by  the  addition  of 
extract.  Each  cell  contained  1.0  cc.  0.1  M  sodium  phosphate  pH  7.4  and  the  following  con¬ 
stituents  for  measurement  of  various  enzyme  activities:  Fumarase;  100  mM  sodium  DL- 
malate;  .\conitase:  90  /iM  sodium  citrate;  Enolase:  30  MgCb  and  25  /iM  sodium  2- 
phos^jhoglycerate.  One  unit  =  change  in  optical  density  of  0.001  per  minute,  wavelength  240 
m/I.  S  =  Sham  operated ;  C  =  castrated ;  C  -|-T  =  Castrated  treated  with  1  mg. /day  testosterone 
propionate.  .4cetone  powders  prepared  seven  days  after  surgery.  Four  animals  in  each  group 
in  each  series  of  experiments. 


genases  was  followed  by  change  in  optical  density  at  340  mja,  while  changes 
in  light  absorption  at  240  m/x  were  employed  to  determine  enolase  activity 
according  to  Warburg  and  Christian  (1943)  and  fumarase  and  aconitase 
activities  according  to  Racker  (1950  b).  Although  the  experimental  condi¬ 
tions  were  somewhat  different,  the  activities  of  fumarase,  aconitase,  malic 
dehydrogenase  and  isocitric  dehydrogenase  fell  well  within  the  range  shown 
for  a  number  of  other  rat  tissues  observed  by  Wenner  et  al.  (1952).  Re¬ 
markably  low  values  for  the  activity  of  lactic  dehydrogenase  were  observed 
compared  with  those  reported  for  most  tissues  (Wenner  et  al.,  1952; 
Meister,  1950).  Values  for  the  activity  of  G-6-P  dehydrogenase  are  shown 
in  Table  5. 


Table  3.  Stability  of  prostatic  hydrases 


hmzyme  activity* 

Fumarse 

.\conitase 

Enolase 

Sham  operated 

85 

37 

97 

Castrated 

90 

41 

99 

Castrated  treated  with  testosterone 
propionate  t 

82 

30 

80 

*  Per  cent  of  that  exhibited  by  fresh  extract  after  storage  for  20  hours  at  2°. 
t  1  mg.  per  day. 
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Fig.  1.  Spectrophotometric  determination  of  ventral  prostate  aconitase.  Each  cell 
contained  150^^1  sodium  phosphate  pH  7.4  and  final  volume  of  3.05  cc.  Substrate  either 
30jaM  sodium  citrate  or  30 /xM  sodium  DL-isocitrate.  Reaction  initiated  by  the  addition 
of  extract,  volumes  depicted.  The  extract  contained  12.1  mg.  protein  per  cc.  Temp.  22°. 
Wavelength  240  m/i. 

Marked  activation  of  prostatic  isocitric  dehydrogena.se  was  observed  on 
the  addition  of  Mn++  ions  in  a  manner  similar  to  that  described  by  Ochoa 
(1948)  for  this  enzyme  in  pig  heart.  Figure  2  depicts  the  activation  of  iso- 
Table  4.  Isocitric  dehydro<;enase 


Units  per  mg.  protein 

Series  Treatment  of  animals - 

Mn++  No  Mn++ 


3 

Sham  operated 

243 

89 

3 

Castrate 

226 

39 

3 

Castrate  treated  with  testosterone 
propionate 

456 

119 

4 

Unoperated 

285 

78 

4 

Castrate 

234 

40 

Reactions  carried  out  in  a  final  volume  of  1.60  cc.,  containing  50  xtM  glycyl-glycine  pH 
7.4;  0.2  mM  TPX  and  10  /xM  sodium  DL-isocitrate.  \InCl>  =  1  /iM  if  added.  Reaction  initiated 
by  the  addition  of  0.02  cc.  of  1 :30  acetone  powder  extract.  1  unit  =  change  in  optical  density 
of  0.001  per  minute  at  27°,  corrected  for  any  optical  density  change  in  the  absence  of  sub¬ 
strate.  Wavelength  340  m/x.  .\cetone  powder  prepared  from  group  of  four  animals  seven  days 
after  surgery.  Testosterone  propionate  1  mg. /day. 
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Fig.  2.  Activation  of  ventral  prostate  isocitric  dehydrogenase  by  Mn++  ions.  Each 
cuvette  contained  50  /xM  glycyl-glycine  pH  7.4;  0.2  nM  TPN;  10  /uM  sodium  DL-iso- 
citrate  and  0.02  cc.  extract  (0.26  mg.  protein)  in  a  final  volume  of  1.60  cc.  Curve  A:  0.05 
cc.  MnCl2  (1  fiM)  added  before  extract.  Curve  B:  0.05  cc.  MnClj  (1  mM)  added  at  arrow. 
Wavelength  340  m/x.  Temperature  27°. 

citric  dehydrogenase  of  normal  rat  ventral  prostate  by  Mn++  ions  added 
either  at  the  start  of  the  experiment  or  at  later  time  intervals.  A  similar 
activation  of  the  enzyme  was  observed  with  preparations  from  castrated 
and  castrated-androgen  treated  animals  (Table  4).  These  experiments  ar¬ 
gue  for  the  presence  of  oxalosuccinic  carboxylase  in  ventral  prostate  (cf. 
Ochoa,  1948). 

Seven  days  after  castration,  a  marked  decrease  in  the  activity  of  fuma- 
rase  and  aconitase  activity  occurred,  whereas  enolase  activity  was,  if  any¬ 
thing,  enhanced  by  this  treatment  (Table  2).  Administration  of  testoster¬ 
one  propionate  to  castrated  animals  reversed  these  changes.  An  examina¬ 
tion  of  the  stability  of  these  hydrating  enzymes  to  storage  at  2°  showed 
that,  with  all  types  of  preparation,  the  fumarase  and  enolase  activity  of  the 
undiluted  extracts  was  relatively  stable.  The  marked  decrease  in  aconitase 
activity  which  occurred  on  storage  was  of  the  same  order  of  magnitude  with 
extracts^from  normal,  castrated  and  castrated-androgen  treated  animals 
(Table  3). 
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Table  5.  Gluco8e-6-phosphate  dehydrogenase 


Series 

Treatment  of  animals 

Units/mg.  protein 

3 

Sham  operated 

15.0 

3 

Castrated 

15.3 

3 

Castrated  and  treated  with  testosterone  propionate 

14.6 

4 

Unoperated 

12.9 

4 

Castrated 

16.7 

Conditions  as  in  Table  4  except  that  substrate  consisted  of  10  mM  G-G-P.  1  mM  MnCb  in 
all  vessels.  Reactions  initiated  by  addition  of  0.10  cc.  of  1:30  acetone  powder  extract. 


Tables  4  and  5  show  that  castration  had  little  influence  on  isocitric  de¬ 
hydrogenase  or  glucose-6-phosphate  dehydrogenase.  However,  this  treat¬ 
ment  induced  an  unmistakable  increase  in  lactic  dehydrogenase  activity 
and  decrease  in  malic  dehydrogenase  (Table  6). 

In  all  experiments  involving  castration  the  animals  were  tube-fed,  so  that 
alterations  in  the  dietary  intake  could  not  be  responsible  for  the  effects  ob¬ 
served. 

Many  attempts  were  made  to  influence  the  activity  of  these  enzymes  by 
the  in  vitro  addition  of  androgenic  steroids.  Since  the  results  of  these  experi¬ 
ments  were  negative,  actual  experimental  details  will  not  be  given.  At  a 
final  concentration  of  10“®  M  and  10“®  M  testosterone  failed  to  affect  the 
activity  of  fumarase,  aconitase,  enola.se,  lactic  dehydrogena.se,  isocitric 
dehydrogenase  and  glucose-6-phosphate  dehydrogenase.  Numerous  experi¬ 
ments  with  rat  ventral  prostatic  enolase,  measured  in  the  absence  of  Mg++ 
ions,  or  in  the  presence  of  .suboptimal  and  optimal  Mg++  ion  concentrations 
failed  to  show  any  significant  effect  of  testosterone  on  this  enzyme,  as  has 
been  claimed  by  Dirscherl  and  Hauptman  (1950).  Similarly  crude  and  par- 

Table  6.  Lactic  and  malic  dehydrogenases 


Units  per  mg.  protein* 


S 

C 

C+T 

1 

Lactic  dehydrogenase 

35.0 

51 .6 

40.2 

2 

30.4 

35.2 

22.6 

Mean 

32.7 

43.4 

31.4 

1 

Malic  dehydrogenase 

290 

198 

298 

2 

183 

113 

187 

Mean 

236 

155 

242 

Reactions  carried  out  in  a  final  volume  of  3.0  cc.  at  27-28“  and  initiated  by  the  addition 
of  extract.  Each  cell  contained  1.0  cc.  of  0.1  M  sodium  phosphate  pH  7.4  and  0.38  /iM 
DPNH.  In  the  lactic  dehydrogenase  test  the  substrate  was  pyruvate  (15  /xM)  and  in  the  malic 
dehydrogenase  test  the  substrate  was  oxalacetate  (20  mM).  Animals  treated  as  in  Table  2. 
*  1  unit  =  change  in  optical  density  of  0.001  per  minute  at  340  m^i. 
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tially  purified  preparations  of  enolase  from  human  prostatic  adenoma  were 
uninfluenced  by  this  hormone. 

The  enzymatic  activities  recorded  in  this  paper  suggest  the  operation  of 
the  tricarboxylic  acid  cycle  in  ventral  prostate  tissue,  and  the  inhibitory 
influence  of  2,4  dinitrophenol  on  a  number  of  synthetic  reactions  in  respir¬ 
ing  ventral  prostate  slices  (Nyden  and  Williams-Ashman,  1953)  indicates 
the  occurrence  of  attendant  oxidative  phosphorylations.  This  conclusion  is 
corroborated  by  experiments  of  Williams-Ashman  (1953)  who  has  shown 
that  ventral  prostate  mitochondria  will  catalyze  the  following  reactions 
provided  they  are  supplemented  with  pyridine  nucleotides  and  coenzyme 
A:  (i)  synthesis  of  citrate  from  pyruvate  and  oxaloacetate,  (ii)  oxidation 
of  added  citrate,  (iii)  oxidation  of  a-ketoglutarate.  Furthermore  the  pres¬ 
ence  of  condensing  enzyme  and  of  the  ATP-acetate  reaction  could  be  di¬ 
rectly  demonstrated  in  extracts  of  ventral  prostate  acetone  powders. 

SUMMARY 

A  number  of  glycolytic  and  respiratory  enzymes  have  been  assayed  in 
the  ventral  prostate  gland  of  the  rat.  The  results  obtained  strongly  indicate 
the  presence  of  the  tricarboxylic  acid  cycle  in  this  tissue. 

Castration  leads  to  a  decrease  in  the  activity  of  aconitase,  fumarase  and 
malic  dehydrogenase  and  an  enhanced  lactic  dehydrogenase  activity,  which 
can  be  reversed  to  normal  levels  by  the  administration  of  testosterone 
propionate.  Isocitric  dehydrogenase,  glucose-6-phosphate  dehydrogenase 
and  enolase  activity  are  not  significantly  affected. 

None  of  the  enzj'me  systems  were  affected  by  the  in  vitro  addition  of 
testosterone. 

A  cknowledgment 

The  author  is  indebted  to  Dr.  S.  J.  Nyden  and  Mrs.  J.  Banks  for  assistance  in  some 
of  these  exiieriments. 

REFERENCES 

Awapara,  j.  Endocrinology  51:  75.  1952a. 

Awapara,  j.  Texas  Reports.  Biol.  Med.  10:  22.  1952b. 

Barron,  E.  S.  G.  and  C.  Huggins,  J.  Urology  51:  630.  1944. 

Barron,  E.  S.  G.  and  C.  Huggins.  J.  Urology  55:  385.  1946a. 

B.\rron,  E.  S.  G.  and  C.  Huggins.  Proc.  Soc.  Exp.  Biol,  and  Med.  62:  195.  1946b. 
Davis,  J.  S.,  R.  K.  Meyer  and  W.  H.  McShan.  Endocrinology  44:  1.  1949. 
Dirscherl,  W.  and  K.  H.  H.^^uptman.  Biochem.  Z.  320:  199.  1950. 

Kiessling,  W.  Ber.  68:  243.  1935. 

Kornberg,  a.  j.  Biol.  Chem.  182  :  805.  1950. 

Kun,  E.  Proc.  Soc.  Exper.  Biol,  and  Med.  75:  68,  797.  1950. 

Mann,  T.  and  U.  Parsons.  Biochem.  J.  46:  440.  1950. 

Meister,  a.  j.  Nat,  Cancer  Institute  10:  1263.  1950. 


February,  1954 


ANDROGENS  AND  ENZYMES 


129 


Nyden,  S.  J.  and  H.  G.  Williams-Ashman.  Am.  J.  Physiol.  172:  588.  1953. 

Ochoa,  S.  J.  Biol.  Chem.  174:  133.  1948. 

Ohlmeyer,  P.  Biochem.  Z.  297:  66.  1938. 

Racker,  E.  j.  Biol.  Chem.  184  :  313.  1950a. 

Racker,  E.  Biochim.  et.  Biophys.  Acta  4:  211.  1950b. 

Rudolph,  G.  G.  and  W.  R.  Starnes.  Proe.  121st  Meeting  Amer.  Chem.  Soc.  41C,  1952. 
Warburg,  O.  and  W.  Christian.  Biochem.  Z.  310:  384.  1941. 

Wenner,  C.  E.,  M.  a.  Spirtes  and  S.  Weinhouse.  Cancer  Research  12:  44.  1952. 
Williams-Ashman,  H.  G.  Unpublished  experiments,  1953. 


COMPARISON  OF  THE  INFLUENCES  OF  ADRENO¬ 
CORTICAL  HORMONES  ON  THE  GROWTH  AND 
INVOLUTION  OF  LYMPHATIC  ORGANS*-'-' 

GEORGE  A.  SANTISTEBAN^  and  THOMAS  F.  DOUGHERTY 

Department  of  Anatomy  and  Radiobiology  Laboratory,  University  of  Utah 
.  College  of  Medicine,  Salt  Lake  City,  Utah 

PRELIMINARY  investigations  of  the  acute  involution  of  lymphatic 
organs  induced  by  administration  of  cortisone  demonstrated  that  the 
hormone-induced  involution  of  lymphatic  tissue  was  a  response  of  the 
continuous  variate  type  (Santisteban,  1953).  Accordingly,  more  detailed 
studies  were  performed  to  ascertain  w-hether  the  regression  relationships 
of  certain  lymphatic  organs  could  be  employed  to  elucidate  further  the 
quantitative  interrelationships  of  amounts  and  molecular  structures  of 
certain  adrenocortical  hormones  to  the  growth  and  involution  of  lymphatic 
organs.  Although  the  method  presented  here  might  be  adapted  to  various 
types  of  bioassay  procedures,  the  emphasis  in  these  studies  has  been 
directed  towards  establishing  the  comparative  potencies  and  structural 
activity  relationships  of  those  adrenocortical  hormones  which  were  known 
to  have  the  capacity  to  induce  acute  lymphatic  organ  involution  (reviewed 
by  Dougherty,  1952).  Other  steroid  hormones  w^hich  have  been  reported 
by  various  authors  to  produce  growth  of  lymphatic  organs  were  also  in¬ 
cluded  in  the  present  study. 
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MATERIALS  AND  METHODS 

A  total  of  56  female  CBA  mice,  10  weeks  of  age,  (18.2  ±0.5  gm.  body  weight),  were 
used  for  the  assay  of  each  of  the  various  compounds.  They  were  divided  into  7  groups, 
each  of  which  contained  8  animals.  Two  groups  served  as  non-treated  controls,  one 
intact  and  one  adrenalectomized.  All  the  animals  in  the  remaining  five  groups  were 
adrenalectomized  and  treated  with  graded  doses  of  the  compound  to  be  assayed. 

The  following  steroid  hormones  were  used  in  the  experiments:  Compound  F  Acetate 
(hydrocortisone  acetate;  17-hydroxycorticosterone  acetate.  Compound  E  Acetate  (corti¬ 
sone  acetate;  17-hydroxy-ll-dehydrocorticosterone  acetate).  Compound  A  Acetate  (11- 
dehydrocorticosterone  acetate.  Compound  B  Acetate  (corticosterone  acetate).  Substance 
L  Acetate  (allo-Pregnane-3(/3):17(/3):diol-20-one  acetate).  Substance  S  (ll-desoxy-17- 
hydroxycorticosterone)  and  desoxycorticosterone  glucoside.  With  the  exception  of  des- 
oxycorticosterone  glucoside  the  compounds  were  all  suspended  in  the  suspending  agents 
used  for  commercial  preparations  of  cortisone  (Cortone,  Merck).  The  suspended  hor¬ 
mones  were  diluted  with  appropriate  amounts  of  sterile  non-pyrogenic  saline  made  up 
into  constant  volumes  of  0.2  cc.  The  doses  used  were  5,  25,  50,  250  and  500Aig./day.  These 
were  given  by  intraperitoneal  injections,  which  were  started  20-24  hours  after  the 
adrenalectomy,  and  subsequently  were  given  in  divided  doses  twice  daily  (12-hour  inter¬ 
vals),  for  4  successive  days. 

The  animals  were  sacrificed  on  the  fifth  day,  12  hours  after  the  last  injection.  Initial 
and  final  body  weights  were  recorded  for  all  experimental  and  control  animals.  The  wet 
weights  of  paired  peripheral  lymph  nodes  (axillary  and  inguinal),  mesenteric  lymph 
nodes,  thymi  and  spleens  were  determined  to  the  nearest  0.5  mg.  on  a  Roller-Smith 
torsion  balance.  The  mean  relative  weights  (mg./lOO  gm.  initial  body  weight)  of  each  of 
these  organs  were  plotted  against  the  log-dose  of  the  hormone.  Sigmoid  log-dose  re¬ 
sponse  curves  were  obtained  for  the  alterations  in  weight  of  all  lymphatic  organs.  The 
rectilinear  portions  of  the  curves  fell  within  the  dose  range  of  25  to  500  micrograms  and 
the.se  segments  of  the  curves  for  the  thymi  and  peripheral  lymph  nodes  were  mathe¬ 
matically  fitted  according  to  the  method  of  least  squares.  The  details  of  the  mathematical 
procedures  used  here  have  been  presented  by  Irwin  (1937),  Pugsley  (1946),  Emmens 
(1948)  and  Sayers  et  al.  (1948). 

Histological  investigations  were  performed  on  the  same  organs  which  were  weighed. 
Comparison  of  the  cytological  effects  of  hydrocortisone  and  cortisone  were  made  on  air- 
dried  imprints  stained  with  May-Griinwald  Giemsa  and  on  Zenker  formol  fixed  tissues 
stained  with  methyl  green  pyronin. 

RESULTS 

Thymus 

Table  1  presents  the  results  of  the  assays  of  the  various  steroid  hormones 
based  on  their  effects  on  the  weight  of  the  thymus.  During  a  period  of  9 
months,  three  separate  tests  were  performed  using  cortisone  (Ei,  E2,  E3) 
at  intervals  of  3  months.  Two  experiments  were  completed  using  Com¬ 
pounds  B  (Bi,  B2)  and  S  (Si,  S2).  Each  tabulated  value  represents  the 
mean  weight  of  the  thymus  expressed  in  mg./lOO  gm.  initial  body  weight. 
In  order  to  establish  the  mean  and  standard  error  of  the  total  intact  and 
adrenalectomized  control  groups,  the  means  for  these  controls  from  each 
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Table  1.  Means  of  relative  weights*  of  thymi  of  adrenalectomized  mice  treated 

WITH  GRADED  DOSES  OF  VARIOUS  STEROID  HORMONES 


Compound 

Control  non-treated  | 

Adrenalectomised-hormone  treated  dose  in  micrograins/dayt 

Intact 

Adrenalec¬ 

tomized 

5 

25 

50 

250 

500 

750 

1000 

El 

256.0 

290.5 

305.0 

265.2 

170.0 

138.0 

78.2 

E. 

186.0 

278.0 

270.8 

243.9 

255.7 

104.7 

83.6 

E. 

315.1 

267.3 

266.0 

274.2 

244.3 

155.8 

97.2 

B, 

246.8 

279.8 

197.0 

254.4 

304.3 

80.8 

140.2 

B> 

252.5 

250.2 

258.2 

280.2 

269.9 

155.9 

101.6 

S, 

225.1 

312.3 

304.6 

271.7 

311.2 

288.7 

279.7 

s> 

249.1 

306.9 

— 

— 

305.3 

324.9 

•  295.3 

296.8 

28.1.0 

F 

264.5 

265.0 

226.2 

217.4 

170.0 

38.9 

34.3 

L 

271.3 

281.4 

281.3 

260.2 

276.5 

264.6 

265.5 

A 

275.9 

268.6 

287.1 

286.1 

257.1 

183.3 

141.0 

DCG 

192.3 

342.3 

268.4 

305.1 

332.1 

340.6 

329.8 

Means  of  con- 

trol  groups 

248.6 

285.7 

S.D. 

S.E. 

±11.7 

±8.2 

S.E.= - = 

Standard  error  of  means 

vv 

n 

<0.02 

♦  Mg./lOO  gm.  initial  body  weight, 
t  Treated  for  4  days  after  adrenalectomy. 

t  P  value  for  the  difference  between  the  means  of  the  intact  and  adrenalectomised  controls. 


experiment  were  treated  as  single  observations.  The  significant  hyper¬ 
trophy  of  the  thymus  which  was  found  4  days  after  adrenalectomy  is  indi¬ 
cated  by  the  difference  of  the  means  between  the  two  control  groups 
(P>.02).  Involutionary  effects  were  obtained  with  Compounds  E,  B,  A 
and  F;  a  possible  growing  effect  was  obtained  with  DCG;  but  Compounds 
L  and  S  had  no  effect. 

The  slopes  of  the  log-dose  response  lines  for  each  assay  as  fitted  mathe¬ 
matically  from  the  data  presented  in  Table  1  are  given  in  Table  2.  These 
lines  were  fitted  according  to  the  equation  y  =  a-\-bx,  where  y  =  the  response 
expressed  as  the  weight  of  the  thymus  in  mg./lOO  gm.  initial  body  weight; 
a;  =  log  of  the  dose;  a  =  the  y  intercept;  and  6  =  the  slope  of  the  line.  Nega¬ 
tive  slopes  indicate  involution  and  positive  slopes  indicate  growth. 

The  standard  deviations  about  the  lines  S.D.L,  the  standard  errors  of 
the  slopes  S.E.6  and  values  of  X  (indices  of  precision)  are  also  presented  for 
each  fitted  line  and  for  the  combined  lines  E^  (EiH-Ez+Es)  and  (B1-I-B2). 
The  table  also  includes  these  same  statistical  quantities  (S.D.L,;,  S.E.b,, 
\c)  as  computed  for  the  lines  Ec,  A,  F  and  B*  fitted  to  a  common  slope  b^. 
The  values  of  X  for  each  separate  line  indicate  that  this  method  for  evaluat¬ 
ing  the  activity  of  graded  doses  of  purified  crystalline  steroid  compounds 
has  a  relatively  high  degree  of  accuracy.  Despite  the  high  values  of  X  for 
some  of  the  assays  (Ei,  Bj,  A)  the  value  X  for  be  indicates  an  adequate  level 
of  accuracy  for  the  method.  The  values  K  (for  each  of  the  lines  with  slopes 
6,)  indicate  a  high  degree  of  precision  (with  the  exception  of  B^)  even  after 
fitting  the  lines  to  common  slope  for  the  estimation  of  potency  ratios. 

The  rectilinear  portions  of  the  log-dose  response  curves  as  fitted  mathe¬ 
matically  from  the  data  in  Table  1  for  the  three  experiments  using  corti- 
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Table  2.  Slope  values  and  statistical  data  of  log-dose  response  lines  of  thymus 
INVOLUTION  response  TO  GRADED  DOSES  OF  VARIOUS  STEROID  HORMONES 


Compound 

I 

iines  with  slopes  b 

Lines  with  slope  be 

b 

S.D.L. 

S.E.6 

X 

S.D.L.c 

S.E.6c 

Xc 

A’, 

-121.20 

48.92 

19.55 

.404 

Aj 

-144.59 

35.14 

14.22 

.243 

E, 

-133.34 

40.74 

15.93 

.305 

(Ai  -1- Aj)Ac 

-110.44 

42.. 36 

9.78 

.318 

39.35 

.285 

A 

-110.44 

41.84 

15.21 

.379 

5.06 

.037 

F 

-151.05 

24.93 

9.18 

.165 

44.49 

BiWQH 

.294 

A. 

-136.82 

65.81 

24.01 

.481 

As 

-142.94 

33.70 

11.41 

.236 

(A, -I- As)  Ac 

-140.11 

50.74 

12.47 

.362 

54.83 

13.60 

.407 

DCG 

32.58 

55.64 

18.73 

1.71 

be* 

-134.59 

7.53 

.396 

Xy{X-X)  ^  /S(2/-j/ calc)* 

b= - ^ — =slope  of  line  S.D.L.  =  i  / - =  Standar<l  devia- 

S(X  — X)*  V  N —  2  tioii  about  the 

line. 

S.D.L.  X=  S.D.L. 

S.Fi.6=  — —  _  =  Standard  error  of  - =  Index  of  precision 

y/S(X'  — .Y)*  the  slope.  b 


*  Slope  of  lines  Ec,  A,  F,  Be  made  parallel. 


sone  as  the  test  compound  are  presented  in  Figure  1  (broken  lines  Ei,  Ej, 
Ea).  The  relative  weights  of  the  thymi  are  represented  on  the  y-axis  and 
the  log-dose  of  cortisone  on  the  X-axis.  The  shaded  bands  represent  the 
means  and  standard  errors  of  the  intact  and  adrenalectomized  controls. 
Since  the  slopes  have  negative  values,  the  equation  of  the  lines  is  t/  =  a  —  bX, 
and  the  values  for  the  slopes  of  each  line  are  given  in  Figure  1  and  in  Table 
1. 

The  differences  between  the  regression  constants  a  and  b  were  not  sig¬ 
nificant  and  therefore,  the  three  lines  were  combined.  The  resultant  of  the 
combined  lines  is  represented  by  the  solid  line  Ec  which  has  a  slope  of 
—  133.03  +  9.78.  Thus,  within  the  limits  of  the  dosage  range  (25  to  500  mS 
/day),  for  each  10-fold  increase  in  the  dose  of  Cortisone,  the  weight  of  the 
thymus  decreased  by  133.03  +  9.78  mg.  TOO  gm.  initial  body  weight.  Line 
Ec  also  shows  that  a  daily  dose  of  cortisone  of  between  25  and  50  /ig./day/ 
18  gm.  body  weight  of  adrenalectomized  mouse  may  be  expected  to  main¬ 
tain  the  weight  of  the  thymus  of  the  adrenalectomized  animal  at  the  level 
of  the  intact  control. 

The  response  of  the  thymi  to  graded  doses  of  Compounds  A,  B  and  F 
showed  the  same  types  of  inverse  rectilinear  relationships  between  the 
relative  weights  of  the  thymi  and  the  log  doses  of  hormones  within  the 
same  dose  range  as  observed  with  cortisone.  Comparison  of  the  fitted  lines 
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DOSE  OF  CORTISONE  IN  )U.g/  MOUSE.  LOG  SCALE 

Fig.  1.  Log  dose-response  relationship  between  the  weight  of  the  thymus  and  graded 
doses  of  cortisone.  Shaded  bands  represent  means  and  standard  errors  of  means  of  con¬ 
trol  groups. 

obtained  for  these  three  compounds  showed  significant  differences  in  the 
positions  of  the  lines  (related  to  differences  in  potency)  but  no  significant 
differences  between  the  values  for  the  slopes  6  (related  to  the  mode  of  ac¬ 
tion).  Thus,  the  lines  E^,  A,  Be  and  F  were  made  parallel  and  given  the 
common  slope  of  —134.59  ±7.53  (Fig.  2).  Within  the  limits  of  the  dose 
range,  for  every  ten-fold  increase  in  the  dose  of  any  one  of  the  represented 
hormones,  the  relative  weight  of  the  thymus  decreased  by  134.59  +  7.53 
mg./lOO  gm.  initial  body  weight.  Also,  from  Figure  2,  the  daily  dose  of  each 
hormone  which  may  be  expected  to  maintain  the  weight  of  the  thymus  in 
the  adrenalectomized  animals  at  the  level  of  the  intact  controls  may  be 
estimated. 

From  these  data,  the  ratios  of  potencies  between  the  four  compounds 
may  be  graphically  estimated  or  mathematically  computed  (Emmens, 
1948).  Computation  of  these  ratios  show  that  Compound  F  is  5.72  times 
as  effective  as  A,  4.12  times  as  effective  as  B  and  2.86  times  as  effective  as 
E  in  inducing  involution  of  the  thymus  in  adrenalectomized  mice.  The 
ratios  of  potency  fall  within  the  95%  limits  of  confidence.  The  upper  and 
lower  limits  are  shown  in  Figure  2. 
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AORENEX 


INTACT 


COMUtON  SLOPE  be -134.59 


50  250 

DOSE  OF  COMPOUNDS  IN  /xg. /MOUSE.  LOG  SCALE 


POTENCY 

RATIOS 

957. 

LIMITS 

F/  E  * 

2  66 

4.05 

2.01 

F/  B  « 

4.12 

6.64 

2  56 

F/  A  * 

5.72 

8.15 

3.96 

Fig.  2.  Log  dose-response  relationships  between  the  weight  of  the  thymus  and 
graded  doses  of  Compounds  F  (hydrocortisone),  E  (cortisone),  B  (corticosterone),  A 
(11-dehydrocortisone).  Shaded  bands  represent  means  and  standard  errors  of  means  of 
control  groups. 


I 


Sub.stances  L  and  S  failed  to  cause  any  significant  change  in  the  mean 
weights  of  the  thymi  as  compared  to  those  of  the  intact  and  adrenalecto- 
mized  controls  (Table  1).  The  dose  of  Substance  S  was  increa.sed  to  a 
maximum  of  1  mg.  but  no  involutionary  activity  was  found  (Table  1).  Ad¬ 
ministration  of  DCG  resulted  in  a  rectilinear  response  line  with  a  positive 
slope  of  32.58+  18.73  in  the  dose  range  of  5  to  250  /xg.  Thus,  DCG,  within 
this  dose  range,  caused  a  small  suggestive  but  not  statistically  significant 
(P<1  .0)  growth  of  the  thymus. 

Peripheral  lymph  nodes 

Tables  3  and  4  present  the  same  information  for  the  relative  weights  of 
the  peripheral  lymph  nodes  as  that  presented  for  the  thymi  in  Tables  1 
and  2.  Of  special  interest  is  the  fact  that  the  difference  between  the  mean 
relative  weights  of  the  intact  and  adrenalectomized  controls  was  not  signif¬ 
icant.  The  data  are  further  analyzed  in  Figure  3,  which  depicts  the  recti¬ 
linear  log-dose  relationships  which  exist  between  the  relative  weights  and 
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Table  3.  Means  of  relative  weights*  of  peripheral  lymph  nodes  of  adrenalec- 
TOMIZED  mice  TREATED  WITH  GRADED  DOSES  OF  VARIOUS  STEROID  HORMONES 


Compound 

Control  non-treated  I 

1  Adrenalectoniized-hormone  treated  dose  in  ^g./dayt 

Intact 

Adrenalec¬ 

tomized 

5 

25 

50 

250 

500 

750 

1000 

E, 

E> 

E, 

B. 

B, 

Si 

s. 

K 

L 

A 

DCG 

Means  of  con¬ 
trol  groups 
S.E. 

P  values 

73.2 
134.0 
130.3 
127. 8t 
94.0 
116.0 
119.2 
130.1 
166.01 
10.1.8 
117.7 

83.9 
131.9 
153.1 

116. 6t 

94.9 
141.7 

129.6 

140.6 
124.01 

133.9 
168.3 

77.6 

141.7 

127.7 

114.8 
127.2 

162.4 

154.6 
163.0 

116.4 

130.4 

72.6 

126.8 

148.5 

124.7 

104.6 

146.2 

130.8 

144.5 

134.5 

133.2 

63.8  1 

134.3 

124.5 

130.3 

100.7 

171.8 

114.5 

126.4 
146.1 

117.9 
137.0 

67.4  1 
105.8 
116.5 
88.1 
90.8 

174.1 
120.3 

74.0 

158.7 

104.1 

157.1 

57.0 

75.1- 

95.4 
102.1 

.  85.3 
202.1 
135.5 
50.0 
162.0 

109.4 

166.5 

115.4 

120.7 

113.2 

±6.8 

130.9 

±8.8 

1 

*  Mk-/100  gm.  initial  body  weight, 
t  Data  not  used 

j  Treated  for  four  days  after  adrenalectomy. 

J  Differences  between  means  of  intact  and  adrenalectomized  non-treated  controls. 


graded  doses  of  hormones  with  the  same  compounds  and  within  the  same 
dose  ranges  as  those  observed  for  the  thymi.  In  contrast  to  the  failure  of 
substance  L  to  cause  any  changes  in  the  weight  of  the  thymus,  administra¬ 
tion  of  this  hormone  resulted  in  a  log-dose  response  line  with  a  positive 
slope  of  14.4+  11.1  for  the  peripheral  lymph  nodes.  This  increase,  howev^er, 
was  not  significant  (P  <0.2).  The  slope  of  26.3  +  8.1  obtained  for  DCG  was 
significant  (P<.01).  The  differences  between  the  positions  of  line  B  as 
compared  to  that  of  lines  A  and  E,  were  significant  but  that  between  lines 
A  and  E  was  not.  The  slopes  of  the  lines  E^,  A  and  Be  were  significant  as 
compared  to  the  value  of  the  intact  controls,  but  they  were  not  signifi¬ 
cantly  different  from  each  other.  However,  the  slope  for  the  line  F  was 
significantly  different  from  the  slopes  for  the  lines  B^,  E^,  and  A.  Thus, 
lines  Bf,  E,.,  and  A  were  made  parallel  for  the  estimation  of  the  ratios  of 


Table  4.  Slope  values  and  statistical  data  of  log-dose  response  lines  of  peripheral 

NODE  INVOLUTION  RESPONSE  TO  GRADED  DOSES  OF  VARIOUS  STEROID  HORMONES 


Lines  with  slopes  6 

Lines  with  slope  br 

b 

S.D.L. 

S.E.6 

Pt 

X 

S.D.L.r 

S.E.6^ 

E, 

-  7.96 

12.55 

5.08 

<0.1 

1.577 

E, 

-38.87 

27.49 

11.13 

<0.01 

.707 

E, 

-34.24 

19.84 

7.78 

<0.001 

.579 

(E.-|-E,)Ee 

-36.47 

23.84 

6.69 

<0.001 

.654 

27.39 

7.69 

1.047 

Bi 

-32.31 

18.40 

6.71 

<0.01 

.569 

B. 

-14.68 

17.15 

5.81 

<0.01 

1.168 

(Bi-l-B,)Be 

-22.84 

19.82 

4.45 

<0.001 

.868 

18.61 

4.18 

.711 

F 

-77.35 

17.97 

7.27 

<0.001 

.232 

A 

-15.99 

6.48 

2.36 

<0.001 

.405 

9.32 

3.40 

.356 

L 

14.44 

32.99 

11.10 

<0.2 

2.285 

DCG 

26.30 

22.24 

8.06 

<0.01 

.846 

be* 

-26.16 

4.18 

*  Slope  of  lines  A,  Be  made  parallel, 
t  P  Values  of  slopes  (from  Students  table  of  T). 


WT.  IN  mg/ 100  gmt  INITIAL  BODY  WT. 
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Fig.  3.  Lo^  dose-resiionse  relationships  between  the  weight  of  the  peripheral  lymph 
nodes  and  graded  doses  of  Compounds  F  (hydrocortisone),  E  (cortisone),  B  (cortico¬ 
sterone),  A  (11-dehydrocortisone),  Substance  L  and  DCG.  Shaded  bands  represent 
means  and  standard  errors  of  means  of  control  groups. 


potency  of  the  represented  compounds.  From  the  parallel  lines  (Fig.  4),  it 
may  be  seen  that  Compounds  E  (Cortisone)  and  A  were  equally  potent  and 
it  was  computed  that  Compound  B  was  3.28  times  as  effective  as  cortisone 
with  upper  and  lower  95%  limits  of  7.81  and  1.38.  Thus,  the  response  of 
the  peripheral  lymph  nodes  to  the  effect  of  these  hormones,  although  simi¬ 
lar  to  that  of  the  thymi  differs  quantitatively  as  well  as  qualitatively,  i.e. 
the  slopes  of  the  regression  lines  were  smaller  and  the  order  of  effective¬ 
ness  was  F,  B,  A,  E  in  contrast  to  F,  E,  B,  A  obtained  for  the  thymus.  The 
peripheral  lymph  nodes  are  thus  less  sensitive  to  the  effects  of  these  hor¬ 
mones  and  are  not  practical  for  this  method  of  analysis.  This  is  attested  by 
the  high  values  of  \  for  all  response  lines  except  for  that  of  Compound  F 
(Table  4,  Fig.  4),  and  the  high  values  of  K  for  the  response  lines  of  Com¬ 
pounds  B,  A  and  E  (Table  4). 
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DOSE  OF  COMPOUNDS  IN  >Lig./ MOUSE.LOG  SCALE 


Fig.  4.  Log  dose-response  relationships  between  the  weight  of  the  peripheral  lymph 
nodes  and  graded  doses  of  Compounds  B  (corticosterone),  A  (11-dehydrocortisone)  and 
E  (cortisone).  Regression  lines  fitted  to  a  common  slope.  Shaded  bands  represent  means 
and  standard  errors  of  means  of  control  groups. 


Mesenteric  lymph  nodes  and  spleens 

The  results  obtained  for  the  mesenteric  lymph  nodes  and  spleens  were, 
in  general,  of  the  same  nature  as  those  obtained  for  the  thymi  and  periph¬ 
eral  lymph  nodes.  The  variations  in  weights  were  so  great,  however,  that 
it  was  obvious  that  they  would  not  be  suitable  for  statistical  evaluation. 

Histological  and  cytological  changes 

A  more  complete  description  of  the  effects  of  the  various  hormones  used 
in  these  investigations  will  be  presented  elsewhere.  Attention  is  paid  here 
to  a  comparison  of  the  changes  produced  by  cortisone  and  hydrocortisone. 

Hydrocortisone  is  a  more  effective  lymphocytolytic  compound  than 
cortisone  (Figs.  5,  6)  and,  also,  produces  much  more  marked  pycnosis  of 
lymphocytes.  Hydrocortisone  also  tends  to  produce  degenerative  changes 
among  the  immature  lymphocytes  of  the  lymph  nodes  to  a  much  greater 
extent  than  cortisone.  Inhibition  of  homoplastic  lymphopoiesis  did  not 
appear  to  be  as  extensive  among  the  cortisone-treated  as  among  the  hydro¬ 
cortisone-treated  adrenalectomized  mice,  although  this  observation  must 
be  subjected  to  further  quantitative  study. 
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DISCUSSION 

It  has  been  reported  by  numerous  investigators  that  ablation  of  the 
gonads  and/or  adrenals  results  in  an  increment  in  the  weight  of  lymphatic 
tissue  (reviewed  by  Dougherty,  1952).  Further  analysis  of  the  change  of 
lymphatic  organ  weight  following  adrenalectomy  revealed  that  the  lym¬ 
phatic  organs  undergo  an  increase  following  adrenalectomy,  which  be¬ 
comes  maximal  on  the  fifth  day  following  operation  and  then  remains 
relatively  constant  during  the  remaining  life-span  of  the  adrenalectomized 
animal  (Santisteban,  1951).  If,  however,  adrenalectomized  animals  are 
subjected  to  stress,  the  growth  of  lymphatic  organs  is  greater  than  that 
due  to  adrenalectomy  alone  (Dougherty  and  Kumagai,  1951).  Santisteban, 
(1951),  found  that  the  time  following  adrenalectomy  at  which  the  lym¬ 
phatic  tissue  mass  becomes  maximal  and  then  plateaus  remains  constant 
at  any  age  following  ablation  of  the  adrenals  from  the  pre-pubertal  through 
the  senile  period.  However,  the  actual  increase  is  greater  in  pre-pubertal 
and  senile  animals  than  in  those  that  are  sexually  mature. 

It  was  first  pointed  out  by  Stoerk  (1946)  that  the  ratio  of  thymus  weight 
to  body  weight  of  gonadectomized  or  adrenalectomized  rats  was  not  sig¬ 
nificantly  different  from  that  found  in  well  nourished  control  animals, 
which  grew  at  an  optimum  rate.  These  results  were  later  confirmed  by 
Dougherty  and  Woodbury  (1949)  and  Santisteban  (1951)  for  mice.  When 
the  possibility  of  adrenocortical-mediated  lymphatic  tissue  involution  is 
eliminated  by  adrenalectomy,  heterogenous  stress  factors  cannot  exert 
their  hormonally  mediated  influence  and  the  values  for  the  lymphatic 
tissue  weights  of  adrenalectomized  animals  merely  tend  to  be  equivalent 
to  those  of  the  least  stressed  of  intact  animals.  In  order,  then,  to  evaluate 
the  roles  of  hormones  or  other  agents  which  may  be  concerned  with  the 
growth  of  lymphatic  tissue,  as  measured  by  lymphatic  organ  weight,  it  is 
necessary  to  establish  maximal  values  which  must  be  exceeded  in  order  to 
demonstrate  the  occurrence  of  true  hyperplasia.  True  hyperplasia  has  been 
defined  elsewhere  (Dougherty,  1952)  as  the  occurrence  of  a  lymphatic  or¬ 
gan  mass  which  is  greater  than  that  found  in  animals  in  which  one  or  all 
growth  moderating  influences  are  not  operating.  Therefore,  true  hyper¬ 
plasia,  as  measured  by  the  increase  in  weight  of  lymphatic  organs,  occurs 
when  the  weights  of  these  organs  are  greater  than  those  characteristic  for 
the  weights  at  time  of  maximal  increase  following  adrenalectomy. 

Accordingly,  the  investigations  reported  here  were  so  designed  that  the 
growth  promoting  effects  of  the  various  steroid  hormones  studied  were 
assayed  by  giving  these  hormones  during  the  period  of  growth  of  lymphatic 
tissue  which  follows  adrenalectomy  and  measurements  of  lymphatic  or- 
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gans  were  made  at  the  time  of  maximal  increase  following  ablation  of  the 
adrenals.  Among  the  hormones  investigated  here,  desoxycorticosterone- 
glucoside  produced  a  significant  increase  in  the  weight  of  the  peripheral 
nodes  and  a  suggestive  but  not  significant  growth  in  the  thymus.  Com¬ 
pound  L,  reported  elsewhere  to  increase  the  weight  of  the  peripheral  nodes 
(Money  et  al.,  1952),  produced  a  slight  but  not  statistically  significant  in¬ 
crease  in  the  peripheral  nodes  and  had  no  effect  whatsoever  on  the  thymus. 

The  interrelationship  between  hormone  concentration  and  degree  of  in¬ 
volution  of  lymphatic  organs  was  also  studied  by  administering  graded 
amounts  of  hormones  to  adrenalectomized  animals.  As  is  the  case  in  evalu¬ 
ating  lymphatic  tissue  growth,  the  adrenalectomized  animal  provides  a 
means  for  a  more  accurate  determination  of  the  quantitative  interrelation¬ 
ship  of  hormone  level  and  lymphatic  organ  involution.  Adrenalectomy 
eliminates  the  animals’  own  hormone  supply,  thus  eliminating  the  effects 
of  numerous  non-specific  variables;  such  as  diet,  season,  alterations  in 
temperature,  etc.  This  is  particularly  significant  since  it  has  been  shown 
that  hormone  suspending  agents  within  themselves  act  as  non-specific 
stressors  which,  in  turn,  may  bring  about  acute  adrenocortical  lymphatic 
tissue  involution  (Schneebeli  et  al.,  1951). 

Although  gonadal  hormones'  provide  a  moderating  influence  on  lym¬ 
phatic  organ  growth,  it  did  not  seem  necessary  to  gonadectomize  as  well  as 
adrenalectomize,  since  it  is  well  established  that  stress  effects  on  lymphatic 
organs  are  not  mediated  by  increased  secretion  of  the  gonadal  hormones 
(Dougherty,  1952). 

The  acute  involution  of  the  thymus  (thymo-regressive  effect)  produced 
by  the  adrenocortical  hormones  studied,  was  found  to  be  a  response  of  the 
continuous  variate  type.  The  mathematical  analysis  of  the  thymo-regres¬ 
sive  curves  indicates  that  there  is  an  excellent  correlation  between  hormone 
level  and  thymus  size.  This  conclusion  is  derived  from  the  reproducibility 
of  the  results  as  demonstrated  in  the  three  assays  for  Compound  E,  and 

Explanation  of  Figures  5-6 

V\\\  V 

Fig.  5.  Inguinal  lymph  node  of  adrenalectomized  CBA  mouse  three  hours  after  opera¬ 
tion  and  administration  of  0.25  mg.  of  cortisone  acetate.  Note  the  large  number  of 
normal  immature  lymphocytes  and  reticulo-endothelial  cells  as  compared  to  Figure  6. 
The  degree  of  pycnosis  is  far  less  than  that  observed  in  Figure  6.  Section  5n  and  stained 
with  methyl  green  pyronin.  Approx.  850  X. 

Fig.  6.  Inguinal  lymph  node  of  adrenalectomized  CBA  mouse  three  hours  after  opera¬ 
tion  and  administration  of  0.25  mg.  of  hydrocortisone  acetate.  The  reticuloendothelial 
cells  appear  to  be  undamaged  but  there  are  far  fewer  immature  (reticular  lymphocytes) 
than  in  Figure  5.  The  extent  of  hyperchromasia  and  pycnosis  is  much  greater  than  that 
observed  following  cortisone  treatment.  Section  5/i  and  stained  with  methyl  green  py¬ 
ronin.  Approx.  850 X. 
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Figures  5  and  6 
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by  the  high  precision  obtained  for  each  of  the  separate  analyses.  The 
parallelism  of  the  lines  for  the  effects  of  Compounds  F,  A,  B  and  E  on  the 
thymus  indicates  that  the  modes  of  action  of  these  compounds  are  similar. 
However,  the  position  of  the  regression  lines  showed  that  these  hormones 
have  a  different  degree  of  activity  on  the  thymus.  These  differences  in 
degrees  of  activity  can  be  mathematically  calculated  with  sufficient  accu¬ 
racy,  so  that  the  relative  potencies  of  the  thymo-regressive  effects  can  be 
established  with  high  limits  of  confidence.  The  thymo-regressive  potencies 
of  the  corticoids  tested  indicate  that  Compound  F  is  5.72  times  as  effective 
as  A,  4.12  as  effective  as  B  and  2.80  times  as  effective  as  E.  From  these 
data,  some  knowledge  of  structure  activity  relationships  may  be  obtained 
using  the  structure  of  Compound  F  as  the  molecule  of  reference.  It  is  evi¬ 
dent  that  an  oxy  or  hydroxy  group  at  position  11  is  essential  for  thymo- 
regressive  activity.  An  hydroxy  group  at  position  17  enhances  thymo-re¬ 
gressive  activity  and  when  both  C-11  and  C-17  have  hydroxy  groups  the 
greatest  effectiveness  is  observed.  The  hydroxy  group  at  C-17,  however, 
is  not  essential  for  thymo-regressive  activity,  since  both  corticosterone  and 
11 -dehydrocorticosterone  possessed  thymo-regressive  action.  The  neces¬ 
sity  for  oxy  or  hydroxy  groups  at  position  1 1  is  demonstrated  by  the  lack 
of  th3"mo-regressive  effect  of  Substance  S. 

This  method  of  analj^sis  also  allows  an  estimation  of  the  ranges  of  the 
amounts  of  the  different  hormones  required  to  maintain  different  Ij'm- 
phatic  organ  weights  within  the  range  characteristically  found  in  non- 
stressed  intact  animals.  This  may  be  done  bj'  observing  the  points  of  inter¬ 
section  of  the  regression  lines  with  the  mean  in  the  normal  range  of 
th\’mus  weight  of  the  intact  controls.  Thus,  the  daily  requirements  of  each 
hormone  per  mouse  (18  gm.  body  weight)  for  maintaining  thymus  weight 
are  as  follows:  Compound  F,  less  than  10  jug-i  Compound  E,  between  25 
and  50  jug- ;  Compound  B,  between  40  and  60  Mg- ;  and  for  Compound  A  it  is 
between  55  and  S5  Mg-  The  range  of  cortisone  dosages  compares  favorably 
with  that  amount  found  by  Kumagai  (1950)  to  be  effective  in  preventing 
post-adrenalectomy  increase  in  weight  of  lymphatic  tissue  when  given  for 
a  period  of  nine  days. 

The  data  obtained  using  changes  of  Ij^mph  node  w'eights  were  similar  to 
but  differed  in  certain  respects  from  those  found  for  changes  of  thj'mic 
weights.  The  peripheral  nodes  as  judged  by  alterations  in  weight  were  not 
as  sensitive  to  changes  in  the  amount  of  the  administered  adrenocortical 
hormones.  Thus,  the  slopes  of  the  regression  lines  for  all  the  effective 
compounds  were  less  than  those  for  the  regression  lines  of  changes  in  thj'- 
mus  weight.  This  was  true  even  in  the  case  of  Compound  F  where  the 
slope  of  regression  for  the  peripheral  nodes  was  —  77.35  in  contrast  to  the 
slope  of  —151.05  for  thy  mo-regression.  The  standard  deviations  of  the 
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lines  for  lymph  node  regression  indicate  that  the  responses  of  these  lym¬ 
phatic  organs  are  not  more  variable  than  those  for  the  thymi;  thus  values  of 
X  for  lymph  node  regressions  are  high  because  the  responsiveness  of  these 
structures  is  less  than  that  of  the  thymi. 

The  highly  statistically  significant  differences  between  the  slopes  of 
Compound  F  and  the  slopes  of  the  lines  for  Compounds  B,  E  and  A  clearly 
indicate  that  Compound  F  has  a  different  mode  of  action  on  the  peripheral 
nodes  than  the  other  three  hormones.  The  order  of  effectiveness  of  these 
steroids  on  the  thy  mo-regression  was  F,  E,  B  and  A  in  contrast  to  the 
order  of  effectiveness  on  the  peripheral  nodes,  which  was  F,  B,  A  and  E. 
Since  the  difference  in  position  between  lines  A  and  E  was  not  statistically 
significant,  Compounds  A  and  E  were  equally  effective.  However,  it  is  im¬ 
portant  to  observe  that  the  slope  of  the  regression  line  for  Compound  E, 
although  significantly  different  from  that  of  Compound  F,  had  a  value 
intermediate  between  that  of  F  and  those  of  Compounds  B  and  A.  This 
suggests  that  the  mode  of  action  of  this  compound,  may  be  more  similar 
to  that  of  Compound  F  than  that  of  Compounds  B  or  A. 

It  is  interesting  to  note  that  although  Compound  L  did  not  cause  any 
change  in  the  weights  of  the  thymi,  it  did  cause  a  small  although  statisti¬ 
cally  not  significant  growth  of  the  peripheral  nodes.  Also,  desoxycorticoster- 
one  glucoside  caused  a  growth  of  peripheral  nodes  resulting  in  a  regression 
line  with  a  slope  of  -1-26.3,  and  caused  a  growth  of  the  th^mii  resulting  in  a 
line  with  a  slope  of  -|- 32.58,  which  although  statistically  not  significant, 
had  a  P  value  of  < .  1.  Thus,  the  possibility  still  remains  that  this  compound 
may  prove  upon  further  analysis  to  possess  a  true  growth  promoting  effect. 

The  order  of  effectiveness  of  the  compounds  tested  for  production  of  in¬ 
volution  of  lymph  nodes  would  appear  to  indicate  that  the  structure 
activity  relationships  for  lymph  node  regression  are  somewhat  different 
than  those  found  for  thymo-regression,  since  Compounds  B  and  A  were 
more  effective  than  cortisone.  It  should  be  emphasized,  however,  that  the 
differences  among  Compounds  A,  B  and  E  are  relatively  small,  and  these 
compounds  have  similar  orders  of  effectiveness  in  inducing  involution  of 
lymph  nodes.  It  is  noteworthy  that  Compound  F  not  only  displayed  far 
greater  activity  than  these  compounds,  but  also  that  the  precision  for 
lymph  node  involution  was  high  and  compared  favorably  with  those  ob¬ 
tained  for  thymo-regression.  The  greater  potency  of  Compound  F  and  its 
greater  precision  set  the  action  of  this  hormone  apart  from  those  activities 
of  the  other  compounds  tested. 

If  the  involutionary  effects  of  adrenocortical  hormones  on  thymus 
and  lymph  nodes  are  compared  it  may  be  seen  that  the  differences  in 
potency  among  Compounds  A,  B  and  E,  as  compared  to  F,  are  relatively 
small  for  both  types  of  lymphatic  organs.  Thus,  the  greater  effectiveness 


144 


SANTISTEBAN  AND  DOUGHERTY 


Volume  64 


of  Compound  F  in  inducing  acute  involution  of  both  thymus  and  lymph 
nodes  indicates  that  this  hormone  has  a  unique  involutionary  influence 
on  lymphatic  tissue. 

There  are  apparently  three  mechanisms  by  which  adrenocortical  hor¬ 
mones  induce  acute  lymphatic  organ  involution.  They  may  produce  de¬ 
struction  of  lymphocytes  (lymphocjtolysis)  and  they  niay  also  inhibit 
homoplastic  (mitosis)  and  heteroplastic  (differentiation)  proliferation  of 
these  cells.  The  relative  importance  of  these  hormonal  mechanisms  in 
inducing  acute  involution  of  lymphatic  organs  has  been  discussed  in  de¬ 
tail  elsewhere  (Dougherty,  1952).  It  is  apparent  from  the  results  obtained 
by  single  administrations  and  prolonged  treatment  with  cortisone  and 
hydrocortisone  that  lymphocytes  in  different  stages  of  development  dis¬ 
play  differential  susceptibilities  to  the  lymphocytolytic  and  mitotic  sup¬ 
pressing  effects  of  these  two  hormones  (Dougherty,  1953).  The  small 
typical  mature  lymphocyte  which  is  most  characteristic  of  the  cells  of  the 
thymus  is  more  susceptible  to  the  lymphocytolytic  action  of  the  adreno¬ 
cortical  steroids,  whereas  the  immature  lymphocytes  which  are  rarely 
found  in  the  thymus  and  are  characteristically  present  in  lymph  nodes  are 
more  resistant  to  this  particular  hormonal  effect  (Dougherty  and  White, 
1945).  However,  immature  Ij’mphocytes  (reticular  lymphocytes)  are  also 
diminished  in  number  providing  sufficient  amounts  of  hormones  are  ad¬ 
ministered. 

Since  acute  lymphatic  organ  involution  occurs  as  a  result  of  the  three 
mechanisms  mentioned  above,  it  is  probable  that  the  greater  degree  of  in¬ 
volution  of  the  thymus  as  compared  to  that  of  lymph  nodes  per  unit  of  ad¬ 
ministered  hormone  is  due  to  the  fact  that  the  small  lymphocyte  which 
constitutes  the  chief  cell  type  in  the  thymic  cortex  is  so  highly  susceptible 
to  the  lymphocytolytic  action  of  the  adrenocortical  steroids.  The  thymus 
also  is  an  important  center  of  extremely  rapid  rate  of  homoplastic  lympho- 
cytopoiesis  (Andreasen,  1943),  and  it  has  been  demonstrated  that  stress 
decreases  the  number  of  mitotic  figures  among  the  lymphocytes  of  the 
thymus  in  intact  but  not  in  hypophysectomized  or  adrenalectomized  ani¬ 
mals  (Pfeiffer  et  ah,  1952).  The  reduction  of  mitotic  index  in  stressed  ani¬ 
mals  is  proportional  to  the  degree  of  stress.  The  parallelism  of  the  regres¬ 
sion  lines  for  the  different  thymo-regressive  compounds  may  be  due  to  the 
fact  that  these  hormones  have  in  common  the  qualitative  capacities  to 
produce  lymphocytolysis  and  suppress  homoplastic  lymphocytopoiesis 
although  they  differ  quantitatively  with  respect  to  these  mechanisms. 

In  contrast  to  the  situation  in  the  thymus  in  which  there  are  few  reticulo¬ 
endothelial  cells  and  no  germinal  centers,  the  lymph  node  is  a  primarj'  site 
of  heteroplastic  lymphopoiesis.  It  is  evident  that  since  the  reticular  cells 
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are  more  resistant  to  the  lymphocytolytic  effects  of  the  adrenocorticoster- 
oids,  the  capacity  for  heteroplastic  lymphocytopoiesis  is  not  completely 
diminished.  Compound  F  was  found  to  produce  the  greatest  degree  of 
pycnosis  of  lymphocytes  of  all  the  hormones  reported  in  the  present  study. 
Although  further  investigation  is  necessary,  it  appears  that  hydrocortisone 
produced  degeneration  of  immature  cells  to  a  greater  extent  than  cortisone. 
This  unique  involutionary  effect  of  hydrocortisone  on  lymph  nodes  could 
be  due  to  its  greater  capacity  to  inhibit  heteroplastic  as  well  as  homoplastic 
lymphocytopoiesis.  The  intermediate  value  of  the  slope  of  the  regression 
line  for  cortisone  suggests  that  this  compound  may  exert  a  qualitatively 
similar  but  quantitatively  less  effect  on  heteroplastic  lymphocytopoiesis 
than  that  exerted  by  hydrocortisone.  Detailed  investigation  of  the  influ¬ 
ences  of  these  adrenocortical  hormones  on  rates  of  homoplastic  and  hetero¬ 
plastic  lymphocytopoiesis  are  in  progress  and  should  shed  further  light  on 
this  problem. 


SUMMARY 

The  effects  of  several  adrenocortical  steroids  on  the  growth  and  acute 
involution  of  lymphatic  organs  of  adrenalectomized  mice  were  compared 
by  a  method  which  utilizes  the  facts  that  the  growth  or  acute  involution 
of  lymphatic  organs  induced  by  these  hormones  are  responses  of  the  con¬ 
tinuous  variate  type.  It  was  found  that  the  thymus  was  the  most  sensitive 
of  lymphatic  organs  to  the  involutionary  effects  of  Compounds  F,  E,  B  and 
A.  The  response  lines  had  highly  significant  slopes,  high  precision  and  were 
parallel,  but  differed  significantly  in  position.  The  estimated  ratios  of  po¬ 
tency,  as  estimated  from  the  thymo-regressive  lines,  were  as  follows: 
F/E  =  2.8,  F/B  =  4.1,  and  F/A  =  5.7.  The  involutionarj"  responses  of 
peripheral  lymph  nodes  (inguinal  and  axillary)  to  these  same  compounds 
were  qualitatively  similar,  but  the  slopes  of  the  regression  lines  were  much 
smaller  than  those  of  the  regression  lines  as  estimated  for  thymus  involu¬ 
tion.  The  slopes  of  the  lines  for  Compounds  E,  B  and  A  were  all  within 
range  of  each  other,  but  that  of  Compound  F  was  significantly  greater. 

It  is  suggested  that  the  observed  quantitative  differences  in  the  re¬ 
sponses  of  thymi  and  lymph  nodes  to  involutionary  effects  of  these  hor¬ 
mones  are  correlated  with  differences  in  capacities  of  these  substances 
to  influence  lymphocytolysis  and  the  processes  of  homoplastic  and  hetero¬ 
plastic  lymphocytopoiesis. 

Substance  S  did  not  induce  alterations  in  weight  of  any  of  the  lymphatic 
organs.  Substance  L  produces  a  small,  although  not  statistically  signifi¬ 
cant  growth  of  the  thymus  and  lymph  nodes.  A  significant  growth  of  both 
organs  was  obtained  with  desoxycorticosterone  glucoside. 


146 


SANTISTEBAN  AND  DOUGHERTY 


Volume  54 


The  structural  activity  relationships  for  the  growth  promoting  and  in¬ 
volutionary  effects  of  the  adrenocortical  hormones  investigated  were  es¬ 
tablished. 

The  high  degree  of  precision  obtained  for  the  lines  of  thymo-regression 
suggest  that  this  method  of  analysis  may  be  used  for  the  bioassay  of  the 
effects  of  pure  crystalline  hormones  on  lymphatic  tissue  and  might  be 
adapted  to  a  method  for  the  bioassay  of  corticoids  in  body  fluids. 
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THE  COMBINED  EFFECTS  OF  HYPOXIA,  AD¬ 
RENALECTOMY  AND  THYMECTOMY  IN 
PARABIOTIC  RATS 

BERNHARD  HOELSCHER  and  KURT  R.  REISSMANN^ 

Department  of  Physiology-Biophysics,  USAF  School  of  Aviation  Medicine, 
Randolph  Field,  Texas 

INTRODUCTION 

IT  HAS  been  demonstrated  by  Li  and  P’An  (1950),  Houssay  and  Pinto 
(1944),  Copp  and  Finerty  (1950)  that  adrenalectomized  rats  can  be 
maintained  in  a  state  of  well-being  when  parabiosed  with  intact  rats.  Re¬ 
cently  Hoelscher  and  Reissmann  (1952)  reported  a  remarkable  difference 
in  heart  weight  when  thymectomized  rats  joined  with  adrenalectomized 
rats  which  breathed  ambient  air  were  exposed  to  hypoxia.  Moreover,  it  was 
noted  that  in  several  cases  the  adrenalectomized  partner  breathing  ambient 
air  was  survived  by  the  thymectomized  partner  although  exposed  to  hy¬ 
poxia. 

To  offer  a  more  detailed  analysis  and  interpretation  of  the  significance  of 
the  prevdous  findings,  in  particular  with  respect  to  the  effect  on  the  heart 
and  the  nature  of  transmission  through  the  muscle-skin  anastomosis  of 
adrenal  steroids,  three  combinations  of  intact,  adrenalectomized  and  thy¬ 
mectomized  partners  of  parabiotic  pairs  were  studied  both  under  hypoxia 
and  ground  level  conditions. 

M.\TERIAL  AND  METHODS 

Rats  of  the  Sprague-Dawley  strain  maintained  on  a  dog  chow  ration  and  given  tap 
water  were  joined  in  parabiosis  by  a  muscle-skin  anastomosis.  After  a  period  from  10  to 
12  weeks  of  parabiotic  union,  three  different  types  of  pairs  were  established. 

Type  I — both  partners  were  left  intact. 

Type  II — both  adrenals  were  removed  from  right  partner. 

Type  III — thymus  of  the  left  partner  and  both  adrenals  of  the  right  partner  were  re¬ 
moved. 

One  week  after  removal  of  thymus  and  adrenals,  the  pairs  were  placed  in  two  different 
categories  in  both  of  which  all  three  types  were  represented.  In  the  first  category  both 
partners  breathed  ambient  air;  in  the  second,  the  right  partner  breathed  ambient  air 
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REMOVED  T''' 

LEFT  THYMUS  AND  /I  , 

RIGHT  ADRENALS  - 

REMOVED  ' 


Fig.  1.  Diagram  showing  the  three  types  of  parabiotic  pairs  and  the  different 
ways  of  exposure  of  the  categories  A  and  B. 


while  the  left  partner  was  exposed  to  an  oxygen-nitrogen  gas  mixture,  the  oxygen  con¬ 
tent  of  which  was  within  a  range  of  7  to  10  volume  per  cent.  A  special  breathing  chamber 
consisting  of  two  compartments  was  employed  for  exposure.  The  oxygen  content  of 
both  compartments  was  measured  with  the  Beckman  electromagnetic  oxygen  analyzer. 
The  time  of  exposure  was  8  hours  a  day  for  five  days  weekly.  The  total  period  of  exposure 
was  4  weeks.  Tail  blood  w’as  used  for  hematocrit-,  hemoglobin-,  and  red  blood  cell  count 
studies.  The  pairs  in  which  the  adrenalectomized  partner  died  during  exposure  were 
autopsied  immediately  after  death;  the  others  were  sacrificed  at  the  end  of  the  desired 
exposure  time  of  4  weeks.  The  dissected  organs  were  weighed  to  the  nearest  milligram. 
In  hearts  only  ventricular  weight  was  determined.  Frozen  sections  were  stained  with 
Sudan;  the  paraffin  sections  with  hematoxylin-eosin. 

RESULTS 

The  data  obtained  on  hemoglobin,  hematocrit,  and  red  blood  cell  count 
are  summarized  in  Table  1. 

When  both  partners  lived  in  ambient  air,  the  blood  values  obtained  for 
the  partners  agreed  with  those  observed  for  single  rats.  On  the  other  hand, 
when  one  partner  was  exposed  to  hypoxia  while  the  other  partner  was 
breathing  ambient  air  increases  in  hemoglobin,  hematocrit,  and  red  blood 
cells  were  found  in  both  partners. 

Table  2  shows  a  summary  of  the  final  body,  heart,  adrenal,  and  thymus 
weights.  Spleen,  kidneys,  thyroid  and  sex  organs  did  not  show  significant 
changes  in  weight  and  are  not  included. 

Comparing  the  relative  adrenal  weights  of  the  different  groups,  it  will  be 
noted  that  adrenalectomy  of  one  partner  led  to  a  compensatory  hyper¬ 
trophy  of  the  adrenals  of  the  co-partner  except  for  group  3.  Hypoxia  itself 
did  not  effect  an  appreciable  increase  in  adrenal  weight  in  intact  partners 
when  united  with  intact  partners  as  in  group  4;  however,  hj  poxia  added 
slightly  to  a  further  increase  in  weight  of  the  adrenals  of  intact  or  thy- 
mectomized  partners  when  united  with  unexposed  adrenalectomized  part¬ 
ners,  as  in  groups  5  and  6. 

Histologically,  the  hypertrophied  adrenals  produced  by  adrenalectomy 
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Table  1.  Average  hemoglobin,  hematocrit  and  red  blood  cell  values  for 

THE  2  DIFFERENT  CATEGORIES  OF  PARABIOTIC  RATS 


Groups 

No. 

of 

pairs 

Type* 

of 

pair 

Hemoglobin 

Hematocrit 

Red  blood  cells — 10* 

InitiaU  |  Terminal* 

Initial  |  Terminal 

Initial  |  Terminal 

Category  A:  Both  partners  living  in  ambient  air 

1 

10 

I  o 

I  o 

15. 8±  .42t 
15. 8±  .32 

16. 2±  .30 

16. 1±  .29 

43. 8±  .80 

43. 8±  .76 

45.1 ±  .67 

45. 1±  .59 

6.64±  .311 

6.89±  .268 

7.06±  .32 
7.23±  .286 

2 

5 

I  0 

A  O 

15. 4±  .89 
15. 5±  .82 

15. 7±  .86 
15. 8±  .60 

42. 4±  .75 
43. 4±  .51 

43. 8±  .58 
43. 6±  .60 

6.55±  .389 
6.82±  .559 

7.21 ±  .302 
7.16±  .157 

3 

4 

TO 

1  A  0 

15.1±  .46 
14. 8±  .74 

15. 2±  .37 
15. 0±  .60 

42.8±1.11 
42. 5±  .65 

44. 8±  .85 
44  ±  .91 

6.99±  .42 
6.85±  .290 

7.37±  .41 
7.14±  .318 

Category  B:  Partners  exposed  to  different  pOi 

4 

4 

I  O 

I  o 

15. 5±  .35 
15.2±  .35 

19. 0±  .55 
18. 8±  .26 

43.8±1.11 

44.8±1.32 

58.0±1.08 

59.0±1.78 

6.40±  .271 
6.50±  .191 

9.14±  .363 
8.99 ±  .387 

5 

4 

I  0 

A  0 

15. 7±  .45 
15.4±  .30 

18.6±1.03 
18. 0±  .78 

44. 2  ±1.32 

43. 2  ±1.32 

58.5±1.44 

56.2±2.53 

6.96±  .448 
6.73 ± .457 

9.26±  .401 
8.99 ±  .344 

6 

3 

15. 2±  .59 
14. 7±  .58 

20. 1±  .89 
19. 4±  .64 

43.0±1.53 
43. 7  ±1.20 

54.0±1.16 

55.7±1.45 

5.92±  .982 
6.13±  .843 

8.75±1.684 

9.00±1.116 

*  Each  partner  is  characterized  by  2  symbols,  the  first  of  which  refers  to  the  type  of  operation,  the  second  to  the 
type  of  gas  mixture. 

I  =intact,  A  ^adrenalectomy,  T  =  thymectomy. 

0=ambient  air,  O=7%-10%  oxygen-nitrogen  gas  mixture. 

Exposure  started  2d  week  after  operations  and  lasted  4  weeks,  8  hours  daily  (5  times  weekly) 

*  initial  =  before  .  .  .  ,  •  terminal  =.5  weeks  after  operations. 

SD 

t  SE  (of  mean)  =  — 

Vn 

Table  2.  .\vbrage  body,  heart,  adrenal,  and  thymus  weights  (g.m.) 

OF  6  DIFFERENT  GROUPS  OF  PARABIOTIC  BATS 


Groups 

No. 

of 

pairs 

Type* 

of 

pair 

Final 

body 

weight 

Heart  j 

Adrenals  | 

Thymus 

Abs. 

%B.W. 

Abs.  1 

%B.\V. 

Abs. 

%B.\V. 

..563 

.348 

.0.53 

.033 

.308 

.192 

I  o 

161  ±4t 

±  .02.5 

±.012 

±.003 

±.002 

±  .013 

±.009 

..5.52 

.325 

.056 

.034 

.294 

.174 

I  o 

171±9 

±  .024 

±  .008 

±  .002 

±  .002 

±  .020 

±  .011 

.702 

.387 

.075 

.041 

.211 

.118 

I  0 

182  ±3 

±  .034 

±  .024 

±  .006 

±  .004 

±  .065 

±  .038 

.740 

.317 

.04.5t 

— 

.353 

.157 

A  O 

235  ±  22 

±  .059 

±  .012 

±  .003 

— 

±  .032 

±  .021 

.771  1 

.376 

.067 

1  .034 

.2.57t 

— 

T  O 

207  ±  15 

±  .035 

±  .015 

±  .006 

1  ±  .004 

±  .034 

— 

.638 

.299 

.048t 

.399 

.192 

A  O 

214  ±16 

±  .041 

±  .006 

±  .003 

±  .031 

±  .020 

..561 

.3.53 

.053 

.033 

.215 

.135 

I  O 

158  ±2 

±  .013 

±  .003 

±  .002 

±  .044 

±  .027 

.630 

.331 

.060 

.031 

.265 

.139 

I  O 

±  .014 

±  .004 

.002 

±  .038 

±  .020 

1  .679 

.435 

.122 

.074 

I  0 

158  ±9 

±  .010 

.541 

— 

.373 

.210 

A  O 

177  ±6 

— 

±  .016 

1  .812 

.471 

1  .363t 

— 

T  O 

175  ±6 

±  .042 

— 

6 

11 

.515 

.272 

_ 

.352 

.186 

A  O 

188±7 

±  .011 

— 

±  .015 

*  See  footnote  Table  1. 
t  Weight  of  these  organs  at  time  of  removal. 


X  SE  (of  mean)  *  — 
Vn 
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of  one  partner  showed  a  pattern  of  lipid  distribution  as  observed  in  normal 
glands. 

A  slight  reduction  in  the  amount  of  sudanophilic  material  of  the  adrenals 
was  seen  in  the  intact  partners  which  were  exposed  to  hypoxia  and  joined 
with  intact  partners  which  breathed  ambient  air,  as  in  group  4.  However,  a 
severe  loss  and  clumping  of  the  lipoid  globules  was  encountered  in  the 
adrenal  cortex  of  the  hypoxic  partner  when  united. with  an  unexposed 
adrenalectomized  parabiont,  as  in  groups  5  and  6. 

The  thymus  was  slightly  reduced  in  weight  in  the  hypoxic  partners  of  the 
intact-intact  pairs  of  group  4.  In  group  2,  the  thymus  of  the  intact  partner 
with  hypertrophied  adrenal  cortex  was  invariably  diminished  in  weight; 


Table  3.  Tests  of  significance  for  the  average  differences  of  percent  heart 

WEIGHTS  BETWEEN  THE  TWO  PARTNERS  WITHIN  EACH  GROUP  OF  THE  SIX 
DIFFERENT  GROUPS  OF  PARABIOTIC  RATS 


Groups 

No.  of 
pairs 

Conditions* 
of  partners 

Average 
differences 
between  heart 
weights  of 
the  two 
partners 

Variance 
estimate  of  the 
differences  in 
heart  weight  of 
the  pairs 

Estimate  of 
standard 
deviation  of 
average 
differences 

1 

t 

Pt 

Left  Right 

1 

I  O— I  o 

.0233 

.00318 

± .0141 

1.653 

.124 

2 

I  0— A  O  1 

.0696 

.00175 

± .0158 

4.405 

<.01 

3 

T  O— A  O 

.0777 

.00145 

± .0144 

5.397 

<.01 

4 

I  O— I  O 

.0216 

.00084 

± .0130 

1.662 

.178 

5 

11 

I  0— A  O 

.1294 

.00731 

±  .02.58 

5.016 

<.01 

6 

11 

T  O— A  O 

.1988 

.02049 

± .0431 

4.613 

<.01 

*  See  Footnote  Table  1. 

t  The  difference  between  heart  weights  was  found  by  subtracting  the  percent  heart  weight  of  the  right  partner  from 
that  of  the  left  partner  and  was  considered  statistically  significant  if  P  was  smaller  than  .01. 


this  change  was  accentuated  when  such  a  partner  breathed  an  oxj^gen  de¬ 
ficient  gas  mixture  as  was  the  case  in  group  5. 

In  many  cases  the  livers  of  parabionts  exposed  to  hypoxia  and  joined 
with  adrenalectomized  partners  appeared  yellowish  and  showed  a  slight 
fattj^  infiltration  microscopically  compared  with  those  of  adrenalectomized 
partners  which  were  reddish  brown  in  color  and  without  signs  of  fat  infiltra¬ 
tion. 

The  most  striking  finding  was  the  difference  between  the  heart  weights  of 
the  two  partners  following  adrenalectomy  of  one  partner.  This  difference 
turned  out  to  be  more  conspicuous  when  the  non-adrenalectomized  part¬ 
ner  was  exposed  to  hypoxia.  As  will  be  seen  from  Table  3,  a  statistically 
significant  difference  in  percent  heart  weights  between  the  two  partners 
was  found  for  groups  2  and  3  in  which  an  adrenalectomized  partner  was 
parabiosed  with  an  intact  or  thymectomized  partner. 

This  effect  of  adrenalectomy  of  one  partner  was  more  pronounced  in 
groups  5  and  6  in  which  the  intact  or  thymectomized  co-partners  were 
exposed  to  hypoxia. 
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The  adrenalectomized  partner  breathing  ambient  air  in  most  instances 
died  first  when  hypoxia  was  imposed  on  the  co-partner.  Before  death  the 
adrenalectomized  partners  showed  signs  of  apathy,  dizziness  and  at  times 
muscle  twitches. 


DISCUSSION 

It  is  generally  agreed  that  the  rate  of  formation  and  release  of  ACTH 
from  the  pituitary  gland  is  determined  by  the  concentration  of  adrenal 
cortical  hormones  in  the  blood  (Ingle  et  al.,  1938;  Sayers  and  Sayers,  1947). 
According  to  data  reported  by  Gemzell,  Van  Dyke,  Tobias  and  Evans 
(1951)  the  ACTH  plasma  level  increases  steeply  after  adrenalectomy  until 
it  reaches  30  times  the  normal  level  three  weeks  thereafter  and  remains 
unchanged.  Furthermore,  their  data  suggest  an  increase  in  the  ACTH 
plasma  level  in  a  non-adrenalectomized  partner  when  united  with  an  ad¬ 
renalectomized  partner,  which  is  usually  accompanied  by  a  corresponding 
increase  in  size  of  the  adrenals.  Comparison  of  the  relative  adrenal  weights 
of  the  parabionts  of  groups  1  and  2  lends  support  to  their  data. 

Hypoxia  itself  did  not  produce  statistically  significant  changes  in  ad¬ 
renal  size  when  both  partners  were  intact  as  in  group  4.  It  might  well  be 
that  in  these  cases  the  intact  unexposed  partner  released  small  amounts  of 
cortical  hormones  to  the  exposed  partner,  which  prevented  an  appreciable 
enlargement  of  the  adrenal  cortex  of  the  hypoxic  partner.  In  this  connec¬ 
tion,  however,  it  should  be  mentioned  that  enlargement  of  the  adrenal 
glands  is  not  always  a  dependable  criterion  of  its  function  (Sundstroem  and 
Michaels,  1942;  Darrow  and  Sarason,  1944). 

The  relative  weights  of  the  hearts  of  the  partners  of  intact-intact  para¬ 
biotic  pairs  were  usually  slightly  increased  compared  with  those  of  single 
rats  as  was  true  also  of  the  adrenals.  This  seems  to  be  due  to  the  stress  of 
the  parabiosis  itself.  However,  after  adrenalectomy  of  one  partner  there 
was  a  considerable  difference  between  the  relative  heart  weights  of  the  two 
partners.  The  heart  weights  of  the  non-adrenalectomized  partners  were 
definitely  increased  in  weight  above  the  normal  level,  whereas  the  heart 
weights  of  the  adrenalectomized  partners  were  below  the  normal  level.  An 
insufficient  supply  of  adrenal  cortical  hormones  of  the  adrenalectomized 
partner  and  an  accompanying  increased  uptake  by  the  co-partner  of  ad¬ 
renal  cortical  hormones  from  its  hj'pertrophied  adrenals  obviously  cause 
this  difference  in  heart  weights.  Analogous  clinical  findings  of  small  hearts 
and  the  readily  noticeable  increase  in  heart  size  following  cortical  hormone 
treatment  of  patients  with  Addison’s  disease  give  supporting  evidence  to 
this  view.  The  severe  loss  and  clumping  of  the  lipoid  globules  found  in  the 
glomerulosa  and  outer  fasciculata  layers  of  the  adrenal  cortex  of  the  hy¬ 
poxic  partner  and  the  premature  death  of  its  unexposed  adrenalectomized 
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partner  are  indications  of  an  adrenal  cortical  insufficient  state  which  is 
ultimately  reached  by  the  adrenal  cortex  of  the  hypoxic  partner.  An  addi¬ 
tional  exchange  of  electrolytes  between  the  partners  might  have  a  bene¬ 
ficial  effect  on  the  condition  of  adrenal  insufficiency  as  has  been  shown  by 
Ingle  and  Oberleve  (1946). 

The  fatty  infiltration  found  in  livers  of  hypoxic  parabionts  joined  with 
unexposed  adrenalectomized  partners  might  be  due  to  metabolic  processes 
which  have  not  been  thoroughly  investigated  as  yet.  Steroid  compounds 
have  been  shown  to  be  metabolized  for  the  most  part  in  the  liver  (Pincus 
and  Pearlman,  1943);  furthermore,  a  fat  transfer  into  the  liver  under  the 
influence  of  corticoids  has  been  described  by  I^evin  (1949).  Since  the  fatty 
changes  in  the  liver  cells  were  found  only  in  hypoxic  partners,  hypoxia  ap¬ 
pears  to  be  at  least  one  of  the  main  factors  directly  or  indirectly  causing 
such  a  fat  accumulation  within  the  liver  cells.  Similar  findings  have  been 
reported  by  Highman  and  Altland  (1949). 

Distinct  regression  of  the  thymus  was  invariably  observed  in  parabionts 
with  enlarged  adrenal  glands.  Whether  or  not  thymectomy  modifies  the 
response  to  ACTH,  no  unequivocal  information  has  as  yet  been  obtained 
from  these  experiments. 

The  increased  hemoglobin,  hematocrit  and  red  blood  cell  values  were 
found  in  both  partners,  when  one  parabiont  was  expo.sed  to  hypoxia.  These 
findings  are  in  agreement  with  observations  of  Reissmann  (1950)  who  has 
discussed  this  phenomenon  more  in  detail. 

SUMMARY 

Three  combinations  of  intact,  thymectomized  and  adrenalectomized  rats 
have  been  studied  with  the  parabiotic  technique.  Either  both  partners  of 
the  pairs  breathed  ambient  air  or  one  partner  was  exposed  to  hypoxia  while 
the  other  partner  breathed  ambient  air. 

Hemoglobin-,  hematocrit-,  and  red  blood  cell  count  values  were  in¬ 
creased  in  both  partners  when  hypoxia  was  imposed  on  one  parabiont. 

Adrenalectomy  of  one  parabiotic  partner  was  followed  by  a  compensa¬ 
tory  hypertrophy  of  the  adrenals  left  in  the  co-partner  which  was  higher  in 
degree  following  exposure  to  hypoxia. 

There  was  a  remarkable  difference  in  heart  weight  between  the  two 
partners  when  adrenalectomy  was  carried  out  in  one  partner.  The  heart 
was  smaller  in  the  adrenalectomized  partner  than  in  the  co-partner.  This 
difference  was  more  conspicuous  when  the  non-adrenalectomized  partner 
breathed  an  oxygen  deficient  gas  mixture. 

The  livers  of  hypoxic  partners  when  united  with  unexposed  adrenalecto¬ 
mized  partners  showed  a  slight  fatty  infiltration. 

Removal  of  the  thymus  had  no  appreciable  effect. 
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The  adrenalectomized  partner  breathing  ambient  air  in  most  instances 
died  first  when  hj  poxia  was  imposed  on  the  co-partner.  This  suggests  that 
the  hormonal  output  of  hypertrophied  adrenals,  which  meets  the  hormonal 
requirements  of  both  partners  when  breathing  ambient  air,  becomes  criti¬ 
cally  insufficient  for  the  adrenalectomized  partner  when  the  demand  for 
adrenal  cortical  steroids  is  increased  in  the  opposite  member  by  hypoxia. 
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THE  RATE  OF  IODINE  METABOLISM  BY  THE  THY¬ 
ROID  FOLLICLE  AS  A  FUNCTION  OF  ITS  SIZE' 

N.  J.  NADLER,2  q  p  lEBLOND  and  R.  BOGOROCIP 

Department  of  Anatomy,  McGill  University,  Montreal,  Canada 

The  thyroid  gland  is  an  aggregate  of  minute  follicles.  These  are  sphe¬ 
roids  composed  of  a  laj'er  of  epithelial  cells  enclosing  a  viscous  fluid, 
the  colloid.  The  follicles  are  independent  units — ^a  fact  particularly  obvious 
in  fish  where  isolated  follicles  are  scattered  over  a  large  area  ventral  to  the 
pharynx. 

While  it  is  generally  agreed  that  the  follicle  is  the  functional  unit  of  the 
thyroid  gland,  there  have  been  widely  different  interpretations  of  its  mode 
of  activity.  The  once  popular  “reversal  theory”  assumed  that  the  polarity 
of  the  epithelium  is  periodically  reversed,  that  is,  the  cells  alternately  secrete 
colloid  into  the  follicle  lumen  and  resorb  it  for  excretion  into  the  circulation 
(Thomas,  1934;  Williams,  1937).  However,  the  advent  of  radioautography 
made  it  possible  to  show  that  all  follicles  were  at  all  times  depositing  thyro- 
globulin,  the  main  component  of  colloid,  into  the  lumen.  This  fact  disproves 
the  reversal  theory  (Leblond  and  Gross,  1948), 

Studies  carried  out  on  the  whole  gland  indicated  that  all  the  stages  in 
the  elaboration  and  release  of  the  thyroid  hormone  occur  “simultaneously, 
continuously,  and  at  a  constant  rate”  (Dougherty  et  al.,  1951).  This  is 
probably  true  also  of  individual  follicles.  However,  when  the  various  fol¬ 
licles  of  a  gland  are  compared,  they  function  at  different  rates.  This  is  ob¬ 
vious  even  on  superficial  examination  of  a  thyroid  radioautograph  since 
there  are  wide  variations  in  the  intensity  of  the  radioautographic  images 
of  individual  follicles. 

In  the  present  work,  the  rates  at  which  individual  follicles  accumulate 
(i.e.,  bind  in  organic  form)  and  release  iodine  were  determined  by  a  tech¬ 
nique  referred  to  as  “quantitative  radioautography.”  At  various  time 
intervals  after  administration  of  radioiodine,  the  density  of  the  radioauto¬ 
graphic  images  of  the  follicles  was  estimated  by  counting  the  number  of 
developed  silver  grains  per  unit  area  of  ov^erlying  photographic  emulsion 
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(Nadler,  1953).  From  these  results,  the  relative  radioiodine  concentration 
in  the  follicles  was  calculated  as  a  function  of  time. 

An  attempt  was  then  made  to  relate  the  variations  in  the  radioiodine 
concentration  of  the  follicles  to  their  structural  characteristics.  The  re¬ 
sults  indicated  that  the  rate  of  activity  of  any  follicle  is  a  function  of  its 
size.  ^ 


METHOD 

Thirty-six  male  albino  rats  fed  on  Purina  Fox  Chow  and  weighing  110-125  mg.  were 
each  injected  subcutaneously  with  25  yc.  of  radioiodide.  They  were  subdivided  into  six 
groups  of  6  animals  which  were  later  sacrificed  at  1,  4,  10,  50,  100  and  200  hours  respec¬ 
tively.  The  right  lobe  of  the  thyroid  gland  was  fixed  in  Bouin’s  solution,  while  the  left 
lobe  was  digested  in  5  cc.  of  2  N  NaOH,  plated  in  duplicate,  and  counted  by  an  end- 
window  beta-ray  Geiger  counter.  To  permit  calculation  of  the  fraction  of  the  injected 
dose  fixed  by  the  gland,  aliquots  of  the  injection  solution  were  counted  in  the  same  man¬ 
ner.  In  this  and  subsequent  cases,  all  figures  were  corrected  for  radioactive  decay.  The 
variation  with  time  in  the  thyroid  uptake  of  radioiodide  is  plotted  in  Figure  1. 

All  the  thyroids  of  a  given  group  of  animals  were  embedded  in  a  single  block  and  sec¬ 
tioned  at  7y.  Two  sets  of  slides  were  prepared.  Each  slide  of  the  first  set  included  sections 
from  the  blocks  of  the  1,  4, 100,  and  200-hour  groups.  The  .second  set  consisted  of  sections 
from  the  4,  10,  50,  and  100-hour  groups.  Therefore,  the  overlapping  groups  (4  and  100- 
hour)  could  be  used  to  compare  the  two  series. 

The  .slides  were  stained  with  Masson’s  trichrome  or  left  unstained,  and  then  radio- 
autographed  by  the  coating  technique  (Belanger  and  Leblond,  1946)  using  Ilford  half¬ 
tone  emulsion  (Gross  et  al.,  1951).  Suitable  precautions  were  taken  to  insure  uniform 
technical  procedure:  all  slides  were  coated  with  emulsion  at  the  same  time;  exposure  time 
was  kept  short.  However,  due  to  the  wide  range  of  isotope  concentrations,  two  different 
exposure  times  had  to  be  selected:  a  longer  exposure  time  to  study  the  less  radioactive 
sections  of  the  first  set,  and  a  shorter  one  to  compare  the  more  radioactive  sections  of  the 
second  set. 

For  each  time  interval,  only  two  thyroids  were  investigated  in  detail.  (The  two  thy¬ 
roids  selected  were  those  whose  percentage  uptake  of  radioiodine— as  determined  for  one 
whole  lobe  as  described  above — was  closest  to  the  average  for  the  six  animals  sacrificed 
at  that  time.)  A  large  scale  projection  tracing  of  the  thyroid  section  under  investigation 
was  made  and  individual  follicles  were  drawn.  The  intensity  of  the  radioautographic 
images  of  each  follicle  was  then  investigated  by  counting  silver  grains  at  different  levels 
of  the  emulsion  in  a  70  square  y  area  in  the  center  of  the  colloid  (Nadler,  1953).  A  total 
of  400-500  follicles  was  counted  for  each  time  interval.  In  addition,  the  average  diameter 
of  the  colloid  was  measured  by  means  of  a  micrometer  placed  in  the  ocular.  The  staining 
])roperty  of  the  colloid  was  recorded  as  red,  green,  or  mixed.  The  position  of  the  follicle 
near  the  periphery  or  the  center  of  the  gland  was  noted. 

THEORY 

The  purpose  of  this  investigation  was  to  evaluate  the  functional  activity  of  thyroid 
follicles  from  the  number  of  silver  grains  counted  in  their  radioautographic  image.  The 
interpretation  of  these  counts  involved  several  theoretical  considerations: 

1)  The  grain  counts  had  to  be  expressed  as  a  function  of  the  amount  of  impinging 
radiation  (exposure)  and,  from  this,  as  concentrations  of  radioiodine  in  the  colloid. 

2)  The  follicles  on  which  the  counts  had  been  performed  were  defined  by  their  size. 
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HOURS  AFTER  INJECTION 

Fig.  1.  Uptake  of  radioiodine  hj'  the  entire  thyroid  gland  at  various 
time  intervals  after  administration  of  radioiodine. 

This  required  that  the  diameters  measured  in  follicle  sections  (crude  diameters)  be 
corrected  to  yield  the  true  diameters. 

3)  From  these  data,  the  rate  of  iodine  metabolism  by  follicles  of  various  sizes  had  to 
be  calculated. 

1)  Quantitative  radioautography  of  radioiodine  in  the  thyroid  follicle 

Results  summarized  elsewhere  (Leblond,  1951)  indicate  that  most  of  the  radioiodine 
appearing  in  the  thyroid  is  present  as  thyroglobulin.  The  newly-formed  labeled  thyro- 
globulin  generally  diffuses  in  a  rapid  and  even  manner  throughout  the  colloid.  This  is 
shown  by  the  uniform  radioautographic  image  produced  over  any  follicle  in  Figures 
4-9.  Such  reactions  of  the  colloids  were  investigated  here.^ 

*  At  early  time  intervals  the  radioautographic  images  may  appear  as  “ring”  reac¬ 
tions.  Later,  these  are  replaced  by  reactions  which  are  diffuse  throughout  the  colloid 
(Leblond  and  Gross,  1948).  Follicular  ring  reactions  were  rare  in  the  present  series  (Figs. 
4  and  following)  and  were  disregarded. 
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The  theory  and  methods  used  to  relate  the  number  of  grains  counted  in  these  radio¬ 
autographic  images  to  the  concentration  of  radio-element  in  the  sections  of  thyroid 
follicle  were  previously  reviewed  (Nadler,  1953).  It  was  there  shown  that  the  grain  count 
in  a  radioautographic  image  is  proportional  to  the  amount  of  incident  radiation  (ex¬ 
posure)  as  long  as  the  exi)osure  time  is  kept  short.  The  relationship  between  the  amount 
of  incident  radiation  and  the  concentration  of  radioactivity  in  the  tissue  source  depends 
on  the  geometric  conditions  (distance,  size,  etc.).  But,  when  the  tissue  source  is  a  histo¬ 
logical  section  of  follicle  colloid  prepared  under  controlled  conditions,  the  only  variable 
geometrical  factor  is  the  diameter  of  the  colloid. 

To  calculate  the  effect  of  such  a  source,  it  was  assumed  that  the  radiation  distributed 
itself  at  a  distance  from  the  source  according  to  the  inverse  square  law  (Nadler,  1951). 
Experimental  evidence  indicated  that  this  was  partially  true;  it  also  supplied  the  data 
required  for  ai)propriate  corrections  (Nadler,  1953).  Thus,  the  relative  radioiodine  con¬ 
centration  in  a  follicle  section  could  be  calculated  from  the  grain  count. 

2)  Determination  of  the  radioiodine  concentration  as  a  function  of  the  true  diameter  of  the 
follicle  colloid 

For  each  follicle  section  in  which  the  grain  count  was  performed,  a  measurement  was 
made  of  the  diameter  of  the  colloid,  and  reported  as  the  “crude  diameter.”  ^Mathematical 
considerations  made  it  possible  to  deduce  from  the  frequency  of  occurrence  of  various 
crude  diameters  what  the  frequency  of  follicles  with  any  given  true  diameter  should  be 


Fig.  2.  Variation  in  concentration  of  radioiodine  with  time  in  various  follicle  classes 
identified  by  the  diameters  of  the  colloid  measured  in  microns.  It  is  apparent  that,  com¬ 
pared  to  the  larger  follicles,  the  smaller  ones  accumulate  the  isotope  more  active!}", 
reach  a  higher  peak  concentration,  and  then  discharge  the  element  at  a  faster  rate. 
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Fig.  3.  The  concentration  of  radioiodine  in  follicles  of  various  colloid  diameters  re¬ 
ported  for  three  time  intervals  after  the  administration  of  the  isotope.  The  smallest  fol¬ 
licles  have  the  highest  concentration  of  radioiodine  at  the  early  but  not  at  the  late  in¬ 
tervals. 

(Appendix  1).  Calculation  of  the  radioiodine  concentration  as  a  function  of  the  true 
colloid  diameter  was  then  possible.  Thus,  the  mean  radioiodine  concentration  in  follicles 
of  a  given  diameter  may  be  obtained  (Figs.  2  and  3). 

S)  Relationship  between  the  radioiodine  concentration  of  the  follicle  and  the  rates  of  iodine 
fixation  and  release 


Let  D  be  the  true  colloid  diameter  of  a  given  follicle,  taken  to  be  spherical; 

Qi'  be  the  constant  rate  of  accumulation — or  organic  binding — of  iodide  per  unit 
surface  area  of  the  follicle  colloid  (so  that  the  amount  of  iodide  organified  in 
the  follicle  per  unit  time  is  wD^qi) ; 

go'  be  the  constant  rate  of  discharge  of  organic  iodine  j)er  unit  surface  area  of  the 
follicle  colloid  (so  that  the  amount  of  such  iodine  leaving  per  unit  time  is 
■jrD^qo') ; 

c  represent  the  concentration  of  radioiodine  in  the  follicle  colloid  (so  that  the 
amount  of  radioiodine  contained  in  the  colloid  is  irD^c/Q) ; 

X  represent  the  specific  activity  of  the  extracellular  radioiodide; 

y  represent  the  specific  activity  of  the  organic  iodine  material  (thyroxine  and 

triiodothyronine)  available  for  release  from  the  follicle  into  the  circulation. 

The  last  three  are  functions  of  time,  t.  The  problem  examined  here  is  to  determine 
how  qf  and  q^  vary  with  D. 

In  any  given  follicle,  the  quantity  of  radioiodine  present  varies  as  a  result  of  the 
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balance  between  the  entry  and  the  exit  of  labeled  iodine — a  fact  expressed  in  the  follow¬ 
ing  equation: 


d 

dt  \  6  ) 


irD^Qi'x  —  TrD^qo'y 


(1) 


which  may  be  simplified  by  making  Gqi'^q,  and  Gqo'  =  qo 


dc 

dt 


Qi  9o 
—  Try 

D 


(2) 


At  very  early  time  intervals,  such  as  1  hour  (and  perhaps  4  or  10  hours),  a  negligible 
amount  of  radiothyroxine  has  left  the  gland  and  y  may  be  made  equal  to  0,  giving 

dc  qi 

(3) 

This  equation  is  solved  as  follows: 

Dc 

qi  = - ^ -  (when  <  =  0,  c  =  0).  (4) 

I  xdt 
d  0 

It  is  implied  that  fa'xdt  is  identical  for  follicles  of  any  diameter  in  anj'  location  and, 
therefore,  that  at  a  given  time,  x,  the  specific  activity  of  the  extra-cellular  iodide,  is  the 
same  throughout  the  gland.  Using  the  value  of  c  determined  for  follicles  of  a  given  di¬ 
ameter,  D,  it  is  possible  to  calculate  the  relative  rates  qi  for  follicles  with  this  diameter. 
(The  effects  of  a  uniform  tissue  shrinkage  due  to  histological  processing  would  cancel  out 
in  equation  4.) 

At  late  time  intervals,  x  may  be  made  equal  to  0,  and  equation  2  becomes: 


dc 

dt 


9o 

-FT  2/. 


(5) 


It  is  known  (Riggs,  1952;  Fish  et  al.,  1952)  that,  at  these  late  times,  the  radioiodine  con¬ 
tent  of  the  whole  thyroid  decreases  logarithmically  with  time.  Assuming  that  the  same 
relation  holds  for  the  individual  follicle,  then  (dc/dt)  <x  — c;  and,  therefore,  from  equation 
5,  y  oe  c.  Hence,  y  =  c/M ;  where  the  factor  M  is  a  constant.  Since,  in  the  case  of  the  whole 
gland,  a  similar  factor  is  proportional  to  the  total  iodine  concentration  (Riggs,  1952; 
Nadler  and  Leblond,  unpublished),  here,  M  ma)"  also  be  directly  related  to  the  iodine 
concentration  of  the  follicle.  Hence, 


dc 

dt 

This  equation  is  solved  as  follows: 


qo 


q^  c 

'dT/' 


DM  In  — 
_ £2^ 

ti  —  tl 


(6) 


(7) 


Here  it  is  necessary  to  assume  that  M  is  the  same  for  all  follicles.  By  determining  the 
mean  concentrations  Ci  and  Cz  for  follicles  of  a  given  diameter,  D,  at  times  L  and  re¬ 
spectively,  it  is  possible  to  calculate  the  relationshij)  between  qo  and  D  (Table  1,  last 
column). 

The  rate  of  accumulation,  q,,  can  also  be  established  from  the  maximum  value  of  c 
(Table  1)  since  it  can  be  shown  that  under  normal  conditions,  very  nearly. 


qi  ^  DCmnX' 


(8) 
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Table  1.  Rates  of  accumulation  and  discharge  of  iodine  per  unit  colloid 
surface  iN  thyroid  follicles  of  various  sizes 


9.' 

Accumulation  rate 

90' 

Discharge  rate 

True  colloid 

(.\rbitrary  units;  %  of  mean) 

diameter 

(microns) 

Time  (hrs.)  after  administration,  at  which  the  results 

obtained  were  used  for  calculation 

1 

4 

10 

*lm 

(50-100) 

(eq.  4) 

(Eq.  4) 

(Eq.  4) 

(Eq.  8) 

(Eq.  7) 

90 

63 

_ 

_ 

_ 

_ 

70 

101 

92 

87 

94 

130 

50 

90 

85 

95 

96 

100 

40 

82 

— 

88 

91 

105 

35 

107 

101 

— 

— 

— 

30 

110 

96 

108 

96 

105 

25 

93 

120 

122 

112 

74 

20 

153 

130 

— 

111 

68 

*  <m=tiine  at  which  the  colloid  radioiodine  concentration  is  maximum  (derived  from 
Fig.  2). 

The  figures  are  averages  of  determinations,  in  which  the  grain  count  was  more  than  twice 
background  and  the  number  of  follicle  sections  counted  was  10  or  more.  (Otherwice,  blank 
spaces  were  placed  in  the  table.  The  follicles  with  a  diameter  of  IS/i  were  too  few  to  be  re¬ 
ported.) 

Assuming  that  there  exists  a  steadj'  state  with  respect  to  the  concentration  of  iodine 
in  the  follicle,  then  9,  =  go  and,  therefore,  both  are  related  to  D  by  the  same  mathematical 
function. 

RESULTS 

With  time,  the  radioiodinc  concentration  of  follicles  of  various  sizes  in¬ 
creased  rapidly  to  a  maximum  and  then  decreased  more  slowly  (Fig.  2,  Cf. 
Fig.  1). 

The  smaller  the  follicles,  the  greater  was  the  peak  of  radioiodine  con¬ 
centration  (Fig.  2).  The  phenomenon  may  be  visualized  in  the  radioauto¬ 
graphs  obtained  at  early  intervals  after  radioiodine  injection,  when  a  high 
concentration  of  the  element  was  seen  in  small  follicles  (usually  centrally 
located  in  the  gland)  and  a  small  concentration  in  large  follicles  (usually 
peripherally  located)  (Figs.  4-6).® 

The  rate  of  decrease  of  the  radioiodine  concentration  from  the  peak 
values  was  rapid  in  the  small  follicles,  but  slowed  as  the  follicles  increased 
in  size  (Fig.  2).  As  a  result,  by  200  hours  the  radioiodine  concentration  in 
the  larger  follicles  was  about  twice  that  of  the  smaller  follicles.  Radioauto¬ 
graphs  at  that  time  showed  a  more  intense  reaction  in  large  than  in  small 
follicles  (Fig.  9). 

These  results  were  confirmed  by  plotting  the  radioiodine  concentrations 


®  In  general,  the  large  peripheral  follicles  tended  to  be  acidophilic  while  the  smaller 
central  follicles  were  less  or  not  acidophilic. 
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Figs.  4-9.  Radioautographs  of  unstained  thjToid  sections  (40  X)  at  various  time  in¬ 
tervals  after  the  injection  of  radioiodine.  One  of  the  two  thyroids  counted  at  each  in¬ 
terval  is  shown.  At  one,  four  and  ten  hours  (Figs.  4,  5,  and  6)  the  smaller  follicles  give  a 
sharp  reaction,  but  the  larger  ones  are  barely  visible.  By  50  hours  (Fig.  7),  the  reaction 
intensity  has  become  weak  in  many  small  follicles  and  strong  in  many  large  follicles. 
Later,  the  reaction  of  the  small  follicles  decreases  further  (100  hours.  Fig.  8)  and  almost 
disappears  (200  hours.  Fig.  9),  while  the  large  follicles  are  more  reactive.  In  general,  the 
small  follicles  are  central,  and  the  large  ones,  peripheral. 

against  colloid  diameters  (Fig.  3).  The  curve  obtained  at  1  hour  clearly 
showed  a  greater  concentration  in  small  than  in  large  follicles,  while  the 
curve  obtained  at  200  hours  revealed  a  reversal  of  the  situation. 

The  rate  of  accumulation  of  iodide  expressed  per  unit  surface  area  of  col¬ 
loid  (that  is,  q'i)  was  calculated  for  the  follicles  of  various  diameters  from 
the  results  obtained  at  1,4,  and  10  hours  by  means  of  equation  4.  The  mean 
of  the  values  was  made  equal  to  100  and  individual  results  were  expressed 
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as  percent  of  the  mean.  It  may  be  seen  (Table  1 ;  Fig.  10,  solid  line)  that  the 
values  vary  around  100  within  not  too  wide  limits,  except  for  the  extremes 
of  follicle  size;  and,  therefore,  the  rates  of  iodide  accumulation  expressed 
per  unit  surface  area  of  colloid  are  fairly  constant  for  follicles  of  medium 
size.  Thus,  in  general,  the  rate  of  accumulation  of  iodide  appeared  to  be 
proportional  to  the  surface  area  of  the  colloid. 

Similarly,  the  rate  of  discharge  of  iodine  expressed  per  unit  surface  area  of 
colloid  (that  is,  qf),  was  calculated  from  the  results  obtained  for  the  time 


RATES  or  IODINE  ACCUMULATION  AND  DISCHARGE 
PER  UNIT  SURFACE  AREA  OF  COLLOID 
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Fig.  10.  The  rates  of  iodine  accumulation  and  discharge  per  unit  surface  area  of  colloid 
determined  for  follicle  classes  of  various  colloid  diameters. 

The  values  for  the  accumulation  rates,  which  are  taken  from  column  1  of  Table  4, 
are  the  weighted  means  of  the  determinations  at  1,  4,  and  10  hours  after  radioiodine  in¬ 
jection  (Table  1).  The  values  for  the  discharge  rates  are  taken  from  the  last  column  of 
Table  1. 

For  follicles  in  the  intermediate  class  range  (colloid  diameter  30-60  p),  the  rate  of  io¬ 
dine  accumulation  and  discharge  per  unit  surface  area  of  colloid  is  constant. 

interval  50-100  hours  by  means  of  equation  7  (Table  1,  last  column).  The 
results  were  rather  uniform  in  the  follicles  of  intermediate  size,  that  is, 
those  with  a  colloid  diameter  of  30-50/x  (Fig.  10,  broken  line),  suggesting 
that  the  rate  of  iodine  discharge  in  these  follicles  is  also  proportional  to 
the  surface  area  of  the  colloid. 

In  addition,  these  results  were  expres.sed  as  the  rate  of  accumulation  of 
iodide  per  follicle  (that  is,  irD^q/)  for  follicles  of  various  diameters  (Fig. 
11).  As  expected,  the  total  amount  of  iodine  taken  up  by  the  smaller  fol- 


Fig.  11.  The  rate  of  iodide  accumulation  per  follicle  determined  for  follicle  classes  of 
various  colloid  diameters.  It  is  clear  that  the  smaller  follicles  accumulate  less  iodine 
than  the  larger  ones. 


RATE  OF  IODINE  ACCUMULATION 
PER  UNIT  VOLUME  OF  COLLOID 
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Fig.  12.  The  rate  of  iodide  accumulation  per  xinit  volume  of  colloid  determined  for 
follicle  classes  of  various  colloid  diameters.  Small  follicles  show  higher  rates  than  large 
follicles. 
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licles  was  less  than  that  taken  up  by  the  larger  ones.  This  rate  was  also 
calculated  per  unit  colloid  volume  (that  is,  &q//D),  in  order  to  measure  the 
efficiency  of  follicles  of  various  diameters  with  regard  to  their  ability  to  con¬ 
centrate  iodine  (Fig.  12).  The  efficiency  was  thus  found  to  be  greater  in  the 
smaller  than  in  the  larger  follicles. 


Table  2.  Biological  half-life  of  organic  iodine  in  thyroid  . 

FOLLICLES  of  VARIOUS  SIZES 


True  colloid  diameter 
(microns) 

Days 

70 

4.9 

50 

3.9 

40 

2.9 

30 

2.2 

25 

2.6 

20 

2.3 

Finally,  the  biological  half-lives  of  the  colloid  iodine  for  follicles  of  var¬ 
ious  diameters  (Table  2)  were  obtained  by  application  of  equation  A3  (see 
Appendix  2).  The  turnover  of  iodine  was  thus  found  to  be  faster  in  small 
than  in  large  follicles. 

DISCUSSION 

The  thyroid  follicles  of  a  given  gland  differed  in  their  structural  char¬ 
acteristics.  In  the  young  adult  rats  under  investigation  here,  the  size  of 
the  follicles  varied  to  such  an  extent  that  the  range  in  the  true  diameters 
of  the  colloid  extended  from  15  to  100  m  or  more,  and  thus  the  volume  of  the 
largest  follicles  was  more  than  300  times  greater  than  that  of  the  smallest 
ones.  The  main  finding  in  this  investigation  was  that  these  differences  in 
follicle  size  were  associated  with,  and  presumably  responsible  for,  func¬ 
tional  differences;  the  smaller  the  follicles,  the  more  actively  they  me¬ 
tabolized  iodine. 

Validity  of  the  results 

The  amount  of  radioiodine  present  in  the  colloid  at  different  time  in¬ 
tervals  was  estimated  by  quantitative  radioautography.  This  method 
assumed  that  the  density  of  radioautographic  images  is  directly  propor¬ 
tional  to  the  amount  of  incident  radiation  for  any  low  exposure.  The  valid¬ 
ity  of  this  assumption  was  tested  by  counting  grains  in  two  radioautographs 
from  the  same  thyroid  exposed  for  two  different  periods  of  time,  11  and  27 
hours.  The  radioiodine  concentrations  based  on  the  grains  counted  in  these 
two  radioautographs  were  found  to  be  in  approximately  the  same  ratio  for 
each  follicle  class,  that  is,  about  2.2  (Table  3).  Theoretical  calculations 
showed  that  the  ratio  of  the  amounts  of  radiation  delivered  during  these 
two  periods  was  2.4  (Appendix  3).  This  small  discrepancy  (10%)  between 
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the  experimental  and  theoretical  figures  is  satisfactorily  explained  in  that 
the  27-hour  exposure  yielded  grain  densities  which  were  at  the  upper  limit 
compatible  with  counting.  For  these  high  densities,  the  predicted  deviation 
in  the  experimental  value  is  also  10%  (Nadler,  1953).  Thus,  it  was  con¬ 
cluded  that  the  grain  counts  gave  results  in  keeping  with  the  theoretical 
expectation  for  lower  densities. 


Table  3.  Relative  radioiodine  concentrations  in  thyroid  follicles  of  various  sizes 

ESTIMATED  IN  RADIOAUTOGRAPHS  PREPARED  FROM  THE  SAME  THYROID 
LOBE  BUT  EXPOSED  FOR  TWO  DIFFERENT  LENGTHS  OF  TIME 


True  colloid 
diameter 
(microns) 

Relative  radioiodine  concentration 
(arbitrary  units) 

Ratio  of 
concentrations 
at  the  two 
time  intervals 

Exposure  time 

11  hrs. 

27  hrs. 

70 

4.4 

9.7 

2.2 

50 

5.9 

12.3 

2.1 

35 

9.4 

20.9 

2.2 

30 

11.8 

23.6 

2.0 

25 

17.9 

36.3 

2.0 

20 

26.0 

47.9 

1.9 

15 

27.7 

70.9 

2.6 

Mean:  2.2 

The  radioiodine  concentrations  of  the  colloid  may,  therefore,  be  used  to 
calculate  the  rates  of  accumulation  and  discharge  of  iodine.  In  calculating 
the  rate  of  accumulation  from  equation  4,  it  was  necessary  to  assume  that 
the  specific  activity  of  the  iodide  in  the  extra-cellular  fluid  surrounding 
all  follicles  in  the  gland  was  identical.  This  was  felt  to  be  a  reasonable 
assumption  since  the  iodide  ion  may  be  expected  to  diffuse  with  sufficient 
rapidity  to  insure  a  uniform  extra-cellular  specific  activity. 

On  the  other  hand,  the  calculation  of  the  rate  of  discharge  of  organic 
iodine  from  the  follicle  on  the  basis  of  equation  7,  required  the  assumption 
that  the  concentration  of  dischargeable  colloid  iodine  be  identical  from 
follicle  to  follicle.  However,  Gersh  and  Caspersson  (1940)  in  U-V  absorp¬ 
tion  studies  of  single  follicle  sections,  demonstrated  that  there  is  a  marked 
variation  in  the  organic  iodine  content  from  follicle  to  follicle.  But  this 
variation  could  be  reduced  if  the  animals  were  given  supplementary  iodide 
feedings.  Purina  Fox  Chow,  the  rat  food  used  in  the  present  experiments, 
was  known  to  possess  a  relatively  high  iodine  content  (the  amount  ingested 
per  day  supplying  about  10  times  the  daily  need  of  iodine),  and,  therefore, 
may  have  fulfilled  the  requirements  for  colloid  homogeneity. 

Another  difficulty  encountered  in  the  measurements  of  iodine  discharge 
was  that,  while  the  determination  of  the  rate  of  iodide  entry  was  based  on 
the  analysis  of  a  series  of  follicle  sections  from  the  same  gland,  that  of 
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iodine  discharge  required  a  comparison  of  results  obtained  in  different  an¬ 
imals,  and  thus  the  possibility  of  heterogeneity  was  further  increased. 

Accordingly,  it  was  felt  that  the  determination  of  the  rate  of  accumula¬ 
tion  of  iodide  was  more  accurate  than  that  of  the  rate  of  discharge  of  iodine. 

Rate  of  iodine  metabolism  as  a  function  of  the  surface  area  of  the  follicle 

At  the  early  intervals  after  injection  of  radioiodine,  a  mere  examination 
of  radioautographs  suggested  a  faster  pick-up  of  the  elerhent  by  small  than 
by  large  follicles  (Figs.  4-6).  A  definite  proof  that  this  was  actually  the  case 
was  obtained  by  quantitative  radioautography  (Fig.  2). 

At  the  late  intervals  after  injection  of  radioiodine,  a  mere  examination 
of  radioautographic  images  indicated  that  the  radioiodine  had  been  re¬ 
leased  by  the  small  and  not  by  the  large  follicles  (Figs.  8  and  9).  Quantita¬ 
tive  data  proved  that  the  rate  of  iodine  discharge  was  indeed  faster  in  small 
than  in  large  follicles  (Figs.  2  and  3). 

The  faster  turnover  of  the  small  follicles  (Table  2)  might  be  due  to  the 
fact  that  their  surface  area  per  unit  volume  is  greater  than  in  large  follicles. 
This  possibility  was  examined  by  calculating  the  rates  of  iodine  accumula¬ 
tion  and  discharge  per  unit  surface  area  of  colloid.  The  rate  of  iodine  ac¬ 
cumulation  expressed  in  this  manner  was  found  to  be  approximately  the 
same  in  all  but  very  small  and  very  large  follicles  (Fig.  10).  Similarly, 
the  rate  of  iodine  discharge  per  unit  surface  area  of  colloid  was  the  same  for 
all  follicles  of  intermediate  size  (Fig.  10). 

If  the  rate  of  iodine  metabolism  is  directly  related  to  the  surface  area  of 
the  colloid,  it  follows  that  this  rate  will  be  enhanced  by  mechanisms  in¬ 
creasing  the  ratio  of  surface  to  volume.  This  may  be  produced  by  the 
splitting  of  a  large  follicle  into  two  or  more  smaller  follicles — a  process 
taking  place  in  the  normal  development  of  the  thyroid  gland  (Leblond  and 
Peets,  1951;  Leblond,  Peets  and  Nadler,  unpublished) — or  by  transforma¬ 
tion  of  the  follicle  into  a  tubular  or  other  non-spherical  structure — a  proc¬ 
ess  known  to  occur  in  the  general  hypertrophy  of  the  gland  seen  during 
thiouracil  treatment  or  after  feeding  a  diet  low  in  iodine. 

The  conclusion  that  the  functional  activity  of  the  follicle  is  directly  re¬ 
lated  to  the  surface  of  the  colloid  is  strictly  valid  only  for  middle-sized 
follicles,  since  the  extremes  of  follicle  size  showed  opposite  trends  for  the 
rate  of  iodine  accumulation  and  discharge  (Fig.  10).  Further  interpretation 
of  these  results  was  attempted  using  the  data  on  accumulation  rate  which, 
as  stated  above,  are  more  valid  than  those  on  discharge  rate. 

Since  the  extra-cellular  iodide  came  in  contact  with  the  outer  follicle  sur¬ 
face  rather  than  the  colloid  surface,  it  was  felt  that  the  linearity  of  the 
graph  depicted  in  Figure  10  might  be  improved  by  referring  the  rates  of 
iodide  accumulation  to  the  outer  surface  of  the  follicle  rather  than  to  that 
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of  the  colloid.  To  recalculate  rates  per  unit  surface  area  of  follicle,  it  was 
first  necessary  to  take  measurements  of  the  mean  epithelial  height.  This 
height  was  found  to  be  statistically  the  same  in  all  follicle  classes  (Table  4). 
The  rates  of  iodide  accumulation  per  unit  follicle  surface  area  (Table  4, 
column  2)  were  found  to  differ  from  the  mean  (100)  by  about  as  much  as 
those  obtained  per  unit  colloid  surface  area  (column  1),  but  in  an  opposite 
manner.  However,  when  calculations  were  based  on  a  surface  area  inter¬ 
mediate  between  that  of  the  colloid  and  follicle  itself,  figures  close  to  the 
mean  (100)  were  obtained,  as  shown  in  Table  4,  column  3.  (This  area, 
referred  to  as  the  “effective  follicle  surface,”  is  characterized  by  a  radius 
equal  to  that  of  the  colloid  plus  1/2  of  the  epithelial  height.)  Therefore^ 

Table  4.  Rate  of  accumulation  of  iodide  expressed  per  unit  area  of  (1)  colloid, 
(2)  FOLLICLE  AND  (3)  EFFECTIVE*  FOLLICLE  SURFACE  IN  THYROID 
FOLLICLES  OF  VARIOUS  SIZES 


Colloid 

diameter 

(microns) 

Mean  epithelial 
height  (  ±  std.  error) 
(microns) 

Accumulation  rate 

(1) 

Per  unit 
colloid  surface 
area 

(2) 

Per  unit 
follicle  surface 
area 

(3)  . 

Per  unit 

effective*  follicle 
surface  area 

(.\rbitrary  units:  %  of  mean) 

90 

7.2+0.53 

68 

113 

101 

70 

7.0+0.57 

93 

120 

106 

50 

7.1  +0.62 

91 

104 

98 

40 

7.2+0.38 

93 

96 

95 

30 

7.1+0.18 

104 

90 

96 

25 

6.9+0.18 

115 

88 

101 

20 

6.9+0.19 

132 

85 

101 

*  Effective  follicle  radius  =  colloid  radius epithelial  height. 


the  rate  of  accumulation  of  iodide,  calculated  per  unit  of  this  effective  fol¬ 
licle  surface  area,  was  the  same  for  follicles  of  all  sizes. 

The  proportionality  between  the  rate  of  iodide  accumulation  and  the 
effective  surface  area  is  of  interest  in  view  of  the  finding  that  in  young 
adult  rats  similar  to  those  used  here  the  number  of  epithelial  cells  in  any 
follicle  was  proportional  to  the  area  of  the  effective  follicle  surface  (Le- 
blond,  Peets  and  Nadler,  unpublished).  Thus,  the  rate  of  iodide  accumu¬ 
lation  was  also  proportional  to  the  number  of  cells  present  in  the  follicle. 
Therefore,  the  rate  of  iodide  accumulation  by  every  thyroid  cell  in  every 
follicle  must  be  identical. 

The  control  of  iodide  accumulation  by  the  effective  follicle  surface  might 
be  explained  by  assuming  that,  although  the  entry  of  iodide  takes  place 
over  the  entire  outer  surface,  the  rate  of  its  accumulation  is  governed  by  an 
intracellular  structure  such  as  the  Golgi  zone  or,  more  likely,  by  the  volume 
of  the  whole  cell.  For,  it  can  be  shown  that  the  effective  follicle  surface  is 
almost  exactly  proportional  to  the  total  cell  volume  of  the  follicle  (Appendix 
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4);  and,  therefore,  the  rate  of  iodide  accumulation  is  also  almost  exactly 
proportional  to  the  total  cell  volume  of  any  given  follicle.  This  conclusion 
is  in  agreement  with  previous  results  indicating  that  the  uptake  of  iodide  by 
the  whole  gland  depends  on  the  total  epithelial  cell  volume  in  normal  and 
hypophysectomized  rats  (Leblond  and  Siie,  1941).  The  total  epithelial  cell 
volume  thus  appears  to  be  the  ultimate  factor  controlling  iodide  accumula¬ 
tion  in  the  thyroid  follicle,  as  well  as  in  the  whole  gland,  of  normal  young 
adult  rats. 

Assuming  the  existence  of  a  steady  state  with  respect  to  the  quantity  of 
iodine  in  individual  follicles,  the  rate  of  iodine  discharge  should  have  the 
same  dependence  on  follicle  surface  area  as  the  rate  of  iodide  accumulation 
— (a  fact  in  agreement  with  the  data  in  Figure  10  in  the  case  of  follicles  of 
intermediate  size).  Therefore,  it  appears  likely  that  all  activities  of  the 
follicle  depend  on  its  effective  surface  area  and,  thus,  on  the  total  volume 
of  the  cells  which  form  its  epithelium. 

SUMMARY 

The  rates  of  accumulation  (i.e.,  organic  binding)  and  discharge  of  iodine 
in  thyroid  follicles  of  various  sizes  were  investigated  in  male  rats  of  100-125 
gm.  sacrificed  at  various  time  intervals  after  radioiodine  admin¬ 
istration.  Radioautographs  of  the  thyroids  were  prepared  and  the  intensity 
of  the  radioautographic  images  was  determined  by  counting  the  number  of 
silver  grains  present  in  the  photographic  emulsion.  By  analysis  of  these 
data,  the  relative  concentrations  of  radioiodine,  as  well  as  the  rates  of  iodine 
accumulation  and  discharge,  were  calculated  for  follicles  of  various  sizes. 

The  small  follicles — generally  located  in  the  center  of  the  gland — ac¬ 
cumulate  radioiodine  in  their  colloid  more  actively,  achieve  a  greater  con¬ 
centration  of  this  element,  and  discharge  it  at  a  faster  rate  than  large 
follicles.  Accordingly,  the  biological  half-life  of  the  iodine  present  in  the 
follicle  colloid  increases  with  the  size  of  the  follicle. 

An  analysis  of  these  findings  indicates  that  the  rate  of  iodide  accumula¬ 
tion  by  any  thjToid  follicle  is  proportional  to  its  “effective  follicle  surface,” 
the  area  of  which  is  slightly  smaller  than  that  of  the  outer  surface  of  the 
follicle.  This  area  is  also  proportional  to  the  number  of  cells  in  the  follicle. 
Such  a  conclusion  implies  that  every  cell  in  every  follicle  is  accumulating 
iodide  at  the  same  rate. 

The  significance  of  the  effective  follicle  surface  depends  upon  the  fact  that 
this  surface  is  very  nearly  proportional  to  the  total  volume  of  the  epithelial 
cells  in  the  follicle.  The  ultimate  factor  controlling  iodide  accumulation, 
and  presumably  iodine  metabolism  as  well  seems  to  be  the  total  epithelial 
cell  volume.  Thus,  for  the  whole  gland,  the  rate  of  iodine  metabolism  de¬ 
pends  on  the  total  cell  volume  of  the  aggregate  of  follicles  which  together 
make  up  the  thyroid  gland. 
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APPENDIX  I 

Calculation  of  the  radioiodine  concentration  as  a  function  of  the  true  colloid  diameter  of  the 
thyroid  follicle 

Suppose  that  the  thyroid  gland  is  made  up  of  q  sets  of  spherical  follicles  of  which  the 
true  number  in  each  set  is  Ni,  Ni,  Ns,  •  •  •  Ng,  and  the  true  mean  colloid  diameter, 
Di,  Ds,  Ds  ■  ■  ■  Dg,  respectively  {Di>D2>  •  •  •  Dg). 

Referring  to  Fig.  13,  consider  any  sphere  of  which,  for  the  sake  of  illustration,  the 
diameter  is  50  (in  arbitrary  units).  Let  the  plane  of  the  figure  be  perpendicular  to  the 
cutting  plane  of  the  histological  sectioning  apparatus.  Take  specific  planes  parallel  to 
the  histological  section  such  that  the  diameters  are  40,  30,  and  20  (Fig.  13  is  drawn  to 
scale).  Let  1840,  S30  and  S20  be  the  respective  distances  of  these  planes  from  the  diametrical 


Fig.  13.  Representation  of  a  sphere  (diameter  D;  radius  R)  to  examine  the  probability 
of  slicing  this  sphere  into  random  sections  with  diameters  within  given  limits.  Assuming 
D  =  50  arbitrary  units,  the  probability  of  slicing  this  sphere  into  random  sections  with 
diameters  between  40  and  50  is  designated  by  P40-60  and  can  be  calculated  by  the  ratio 
Sio/R  where  <840  is  the  distance  between  the  two  chords  D  =  50  and  D=40.  The  remain¬ 
ing  P  values;  e.g.  Pso-to,  P20-30,  etc.,  can  be  determined  in  a  similar  manner. 

plane  of  the  sphere.  These  values  are  easily  calculated  since,  here,  <840=  \/(25)*— (20)®; 
<830  =  v'(25)*— (15)®;  etc.  Then,  the  probability,  P40-60,  of  sectioning  through  the  sphere  a 
circular  plane  whose  diameter  lies  between  40-50  is  (<840)/^,  where  R  is  the  radius. 
Similarly  P3(4-4o  is  (1830  — <840)/^  and  P2o-3o  =  (<S2o  — <830)/^,  etc.  Accordingly,  by  this 
method,  for  a  sphere  of  given  true  diameter,  D,  the  probability,  oPm-n,  of  its  appearance 
in  section  between  any  two  diameters  dm  and  d„  {dm  <d„<D)  can  be  calculated  (Table  5). 

Thus,  for  the  abov^e  postulated  thyroid  sets  of  follicles,  the  probable  number  of  con¬ 
tributions,  for  example,  from  the  sets  whose  diameters  are  greater  than  d„  to  sections 
with  diameters  between  dm  and  d„  is:  Ni  di  Pm-n+Ns  di  Pm~n-\-Ns  ds  Pm-n+  •••,  to  in¬ 
clude  all  sets  of  diameters  greater  than  or  equal  to  dm. 

Suppose,  now,  that  the  mean  radioiodine  concentration  of  each  follicle  set  for  any 
given  tissue  is  Ci,  C2,  C3,  •  •  •  cq.  Then,  for  the  above  illustration,  the  average  radioiodine 
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Table  5.  Per  cent  probability  of  a  given  sphere  being  sectioned  into 

CIRCULAR  discs  WHOSE  DIAMETERS  ARE  WITHIN  A  CERTAIN  RANGE 

(Arbitrary  Units) 


Diameter 


Diameter  range  of  section 


sphere 

10-15 

15-20 

20-25 

25-30 

30-35 

35-40 

40-50 

50-70 

70-90 

90 

0.7 

1.1 

1.3 

1.8 

2.4 

2.4 

6.7 

20.4 

62.6 

70 

1.2 

2.3 

2.6 

3.1 

3.4 

4.6 

42.0 

70.3 

50 

2.8 

3.6 

5.2 

6.4 

8.4 

11.6 

60.0 

40 

4.0 

6.5 

8.5 

12.0 

17.5 

48.5 

35 

5.7 

7.5 

10.3 

18.9 

51.5 

30 

8.0 

11.3 

19.3 

55.2 

25 

11.2 

20.0 

60.0 

20 

21.0 

66.0 

15 

74.5 

concentration,  Cm-n,  of  the  follicle  sections  with  colloid  section  diameters  between  dm  and 
d„  is: 

Ni  Dj  Pm-n  Cl  +  Ni  Di  Pm-n  C2  +  •  •  •  (All 

NlD^Pm-n  +NtDtPn,-n  +  •  •  •  ^ 

This  method,  thus,  can  be  used  to  determine  the  colloid  radioiodine  concentration,  c, 
as  a  function  of  the  true  colloid  diameter,  D,  from  a  knowledge  of  the  mean  value  of  c 
for  the  section  diameters  (crude  diameters). 

Specifically,  the  procedure  is  as  follows:  subdivide  the  follicles  counted  into  sets  whose 
true  colloid  diameters  are  90,  70,  50,  40,  35,  30,  25,  20,  and  15  microns,  and  let  the  num¬ 
bers  of  follicles  in  each  set  be  N90,  N70,  Nio,  A^o,  A’^35,  N30,  A^25,  N'20  and  A'ls,  respectively. 
Calculate  and  tabulate  the  P  values:  90R70— 90)  90R60— toj  90R40— so  ■  ■  ■  j  loRso— 7o>  70R40-60 
•  •  •  ;  etc.  (Table  5). 

Let  the  counted  number  of  follicles  with  colloid  section  diameters  70-90  n,  50-70  /i, 
etc.,  be  f/70-90,  U 60-70,  Uto-so,  etc.,  respectively.  Suppose,  as  before,  that  the  mean 
radioiodine  concentration  of  a  follicle  with  true  colloid  diameter,  D,  is  cd,  and  of  the  ag¬ 
gregate  of  sectioned  follicles  with  crude  diameter  between  dm  and  is  fm-n. 

Hence,  starting  with  the  largest  follicles, 

U 70-90  =  Nio  ioP 70-90, 

whence,  determine  Noo-  Then,  A^oo  ooPm-n  can  be  calculated  for  any  m  and  n.  Again, 

U 90-70  =  AToo  ioP 90-70  +  N 70  7oP 60-70, 

whence,  determine  N70  and  calculate  N70  7oPm-n-  As  before, 

U«o  -60  =  Noo  »oP  40-60  +  N70  70P  40-60  +  ATso  60P 40-60, 


whence,  determine  Noo  and  so  forth,  for  Noo,  Nio,  N30,  Nto,  and  Nn. 
Finally,  from  equation  Al, 


N  00  ioP 70-90  C90 
Noo  toP  70-90 


whence,  determine  C90  which  is  equal  to  Cto-oo-  Again, 


C60-70 


Nto  »oP 60-70  C90  -1-  N70  7oP 60-70  C70 
NiO  OoP  60-70  +  N,o  7oP  60-70 


SO  that  C70  can  be  calculated  since  C6o-7o  is  known  experimentally,  o Pm-n  is  calculated  as 
above  (Table  5),  and  No  is  determined  as  explained  above.  By  tabulating  these  results. 
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the  procedure  can  be  systematically  applied  to  obtain  the  remaining  values  Cjo,  Cm,  C35, 
C30,  C26,  C20,  and  C16. 

Therefore,  by  the  foregoing  analytic  technique,  the  relative  radioiodine  concentration 
per  true  colloid  diameter  can  be  deduced  from  the  results  obtained  per  crude  diameter. 


APPENDIX  2 


Calculation  of  the  biological  half-life  of  the  colloid  organic  iodine  in  the  thyroid  follicle 


Let  t'  be  the  half-life  of  the  colloid  organic  iodine.  Then,  from  equation  7,  for  any 
two  late  time  intervals  after  the  administration  of  radioiodine,  <1  and  <2: 


ti  —  ti  = 


—  In  — 
go  Cl 


(A2) 


The  quantity  —(qo/DM)  can  be  determined  from  the  slope,  I,  of  the  plot  In  c  vs.  t. 
By  definition  t'  is  a  time  interval  such  that  Ci/c2  =  2.  To  calculate  t',  put  <'  =  <2— <1.  Hence, 
from  equation  A2, 


0.693 


(A3) 


APPENDIX  3 

Relation  between  exposure  time  (7')  and  the  amount  of  radiation  received  by  the  photographic 
etmdsion  {radiation  exposure,  Et) 

From  the  fundamental  law  of  radioactivity,  the  intensity  of  radiation,  /<,  at  any  time, 
t,  is; 

It  =  Ioe~'^\ 

where  X  is  the  disintegration  constant  of  the  isotope.  By  definition,  the  photographic 
radiation  exposure  over  a  period  of  time,  T  (exposure  time),  is; 

£r  =  r  ^ Idt  =  —  (1  -  (A4) 

J  a  X 

Thus,  for  a  given  radiation  intensity,  the  relative  exposures  may  be  calculated  for 
various  values  of  T. 


APPENDIX  4 

Relation  between  the  rate  of  iodide  accumulation  per  unit  “effective  follicle  surface”  area 
and  that  per  unit  cell  volume 

Let  R  be  the  outer  follicle  radius,  r  be  the  inner  follicle  radius  (that  is,  of  the  colloid), 
then,  h,  the  epithelial  height,  is  equal  to  R—r,  and,  r-\-{h/2)  is  the  “effective  follicle 
radius.” 

The  total  cell  volume  of  the  follicle  is  4/37r(/2’— r^)  which,  by  replacing  R  by  h-\-r, 
reduces  to  \Trh[r'^ -\-hr -\-{h'^ /Z)\. 

The  “effective  follicle  surface”  area  is  4ir[r-l-(fi/2)]*  which  is  equivalent  to  47r[r*-l-Ar 

+  (/tV4)]. 

It  is  evident  that  for  h  =  7p.  and  r>10/i  (that  is,  for  any  values  of  X  or  r  likely  to  be 
encountered  in  a  thyroid  follicle),  the  ratio  of  cell  volume  to  “effective  follicle  surface” 
area  is  almost  exactly  equal  to  the  epithelial  height,  h.  Since  h  is  constant  in  all  types  of 
follicles  in  the  animals  used  (Table  4),  the  ratio  is  likewise  constant.  Hence,  since  the 
rate  of  accumulation  of  iodine  per  unit  “effective  follicle  surface”  area  is  constant,  it  is 
also  constant  per  unit  cell  volume. 
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FALL  IN  BLOOD  SUGAR  FROM  ANTERIOR 
PITUITARY  EXTRACT' 

V.  W.  WESTERMEYER2  and  M.  S.  RABEN® 

The  Ziskind  Research  Laboratories,  New  England  Center  Hospital,  and  the  Depart-  ' 
nient  of  Medicine,  Tufts  College  Medical  School,  Boston,  Massachusetts 

The  fall  in  blood  sugar  produced  by  anterior  pituitary  extracts  has 
been  found  with  preparations  of  widely  different  preparative  histories 
and  containing  different  associated  pituitary  hormones.  Thus,  Horsters 
(1933)  employed  the  thyrotropin  preparation  of  Junkmann  and  Schoeller 
(1932)  to  lower  the  blood  sugar  of  rabbits  and  certain  human  patients, 
while  Hoffmann  and  Anselmino  (1933)  obtained  this  effect  in  dogs  with  a 
thyrotropin-free  ultrafiltrate  of  pituitary  extract.  Collip  and  co-workers 
observed  small  changes  in  several  species  with  an  alcoholic  pituitary  extract 
and  with  a  preparation  which  had  been  boiled  for  15  minutes  at  pH  10 
(Collip,  1940;  O’Donovan  and  Collip,  1938).  More  recently,  Millman  and 
Russell  (1950)  found  the  crystalline  growth  hormone  preparation  of 
Wilhelmi,  Fishman  and  Russell  (1948)  effective  in  lowering  the  blood  sugar 
of  rats,  and  attributed  the  hypoglycemic  effect  to  growth  hormone.  This 
preparation  was  also  shown  to  have  anti-insulin  properties  in  the  same 
species. 

The  present  paper  is  a  report  of  studies  with  a  pig  anterior  lobe  pituitarj" 
preparation  purified  by  the  glacial  acetic  acid-oxycellulose  method  of 
Astwood,  Raben,  Payne,  and  Grady  (1951).  This  fraction  is  known  to  be 
rich  in  corticotropin  and  intermedin,  and  has  been  shown  by  Rosenberg 
(1953  a  and  b)  to  be  potent  in  adipokinin,  to  increase  oxygen  consump¬ 
tion,  and  to  inhibit  the  rise  in  respiratory  quotient  after  administered 
glucose.  It  contains  no  more  than  traces  of  the  other  known  pituitary  hor¬ 
mones  (Raben,  Rosenberg,  and  Astwood,  1952).  Studies  with  this  prepara¬ 
tion  show  that  it  is  highly  potent  in  lowering  the  blood  sugar  concentration 
of  mice,  and  that  it  appears  to  have  an  anti-insulin  effect  not  attributable 
to  its  corticotropin  content. 
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METHODS 

Female  mice  of  the  Swiss  strain  were  obtained  from  Taconic  Farms  weighing  18  to 
20  grams  and  were  usually  used  within  a  two-week  period.  The  animals  were  fed  Purina 
Fox  Checkers  and  unless  otherwise  stated,  were  not  fasted  before  the  beginning  of  each 
experiment,  but  had  no  food  or  water  available  during  the  experiment.  Blood  sugar  was 
determined  by  the  method  of  Nelson  (1944)  adapted  to  allow  duplicate  determinations 
on  0.1  ml.  blood  obtained  without  anesthesia  or  anti-coagulant  from  the  tail.  Before 
bleeding,  the  animals  were  warmed  under  an  infrared  lamp  for  one  to  two  minutes.  The 
mice  were  bled  twice,  just  prior  to  injection  with  the  test  substance,  and  again  at  the 
stated  interval.  Adrenalectomy  was  performed  under  ether  anesthesia,  through  a  mid¬ 
line  lumbodorsal  incision.  The  oxycel-purified  pituitary  extract  is  the  “oxycel-purified 
corticotropin”  or  “Preparation  D”  of  previous  communications  from  this  laboratory. 
This  material,  stored  in  the  refrigerator  in  solution  in  0.1  N  HCl,  was  alkalinized  and 
diluted  just  prior  to  use.  The  growth  hormone  preparations  employed  were  stored  as  the 
dry  powder  and  dissolved  just  before  use.  All  pituitary  preparations  were  brought  to 
approximately  pH  8.5  with  NaOH  and  injected  intraperitoneally  in  a  volume  of  0.2 
cc.  Insulin  was  a  commercial  Lilly  crystalline  zinc  preparation. 

RESULTS 

The  effect  of  the  oxycel-purified  pituitary  extract  and  the  growth  hor¬ 
mone  preparations  on  the  blood  sugar  concentration  of  unfasted  intact 
mice  is  summarized  in  Table  1.  A  lowering  of  the  blood  sugar  concentration 
was  apparent  at  30  but  not  at  15  minutes  after  injection  of  the  oxycel- 
purified  preparation.  It  may  be  seen  that  the  oxycel  preparation  was 
considerably  more  potent  than  the  growth  hormone  preparations.  With  all 
preparations,  a  greater  depression  of  blood  sugar  was  obtained  with  the 
same  dose  in  a  3-hour  period  after  injection  than  in  a  1-hour  period,  but 
with  the  larger  doses  of  the  oxycel  preparation  a  near-maximum  fall  was 
produced  in  1  hour.  Thus,  100  ng.  of  the  oxycel  preparation  produced  a 
55%  fall  in  blood  sugar  in  1  hour,  and  only  a  slightly  larger  fall  (60%)  in 
3  hours.  A  dose  of  1  /xg-  of  the  oxycel  fraction,  however,  produced  no  fall 
in  1  hour  but  did  lower  the  sugar  17%  in  3  hours.  A  dose  of  100  jug-  appeared 
to  cause  the  maximal  fall  obtainable  in  the  1-hour  period,  a  dose  of  1  mg. 
causing  no  greater  fall,  and,  indeed,  a  somewhat  smaller  response  was 
elicited  with  the  1  mg.  dose.  Uninjected  animals  and  injected  controls  had 
little  change  in  blood  sugar  in  either  the  1-hour  or  3-hour  period. 

An  exact  estimate  of  the  relative  potencies  of  the  preparations  tested  is 
probably  not  possible  from  the  data  in  Table  1.  It  would  appear,  however, 
that  the  oxycel  fraction  was  many  times  as  potent  as  the  Armour  growth 
hormone  preparation.  A  greater  response  was  obtained  with  100  jug.  of 
the  oxycel  fraction  than  with  5  mg.  of  the  Armour  growth  hormone  in  both 
the  1-hour  and  the  3-hour  test.  The  Armour  growth  hormone,  in  turn, 
seemed  to  be  more  potent  than  the  glacial  acetic  acid  extracted  growth 
hormone  preparation  (Raben  and  Westermeyer,  1951)  in  producing  blood 
sugar  depression. 
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Table  1.  Effect  of  pituitabt  preparations  on  the  blood  sugar 

CONCENTRATION  OF  INTACT  MICE 


Preparation 

Dose 

Number 

of 

determi¬ 

nations 

Test 

period, 

hours 

Average 
initial 
blood 
sugar, 
mg.  % 

Average 
final 
blood 
sugar, 
mg.  % 

Mean 
change 
in  blood 
sugar, 

% 

Control 

4 

1 

144 

170 

-1-13 

Control 

5 

i 

118 

141 

+  18 

Control 

26 

1 

135 

134 

-  1 

Control* 

5 

1 

123 

117 

-  4 

Control 

24 

3 

141 

134 

-  1 

Control* 

8 

3 

177 

179 

+  1 

Oxycel  preparation 

100  Mg. 

3 

1 

4 

134 

131 

-  1 

Oxycel  preparation 

100  Mg. 

2 

i 

100 

79 

-21 

Oxycel  preparation 

1  Mg. 

5 

1 

109 

119 

+  11 

Oxycel  preparation 

3  Mg. 

19 

1 

151 

126 

-18 

Oxycel  preparation 

10  Mg. 

28 

1 

138 

92 

-28 

Oxycel  preparation 

30  Mg. 

16 

1 

131 

89 

-32 

Oxycel  preparation 

100  Mg. 

8 

1 

168 

76 

-55 

Oxycel  preparation 

1  mg. 

10 

1 

136 

75 

-44 

Oxycel  preparation 

0.1  Mg. 

16 

3 

166 

156 

-  6 

Oxycel  preparation 

1  Mg. 

8 

3 

138 

115 

-17 

Oxycel  preparation 

100  Mg. 

4 

3 

167 

66 

-60 

Armour  growth  hormone* 

100  Mg. 

4 

1 

154 

144 

-  8 

Armour  growth  hormone 

1  mg. 

10 

1 

138 

137 

-  1 

Armour  growth  hormone 

5  mg. 

8 

1 

162 

113 

-30 

Armour  growth  hormone 

1  Mg. 

8 

3 

145 

126 

-13 

Armour  growth  hormone 

10  Mg. 

8 

3 

152 

124 

-18 

Armour  growth  hormone 

100  Mg. 

8 

3 

152 

117 

-24 

Armour  growth  hormone 

1  mg. 

8 

3 

123 

102 

-16 

Armour  growth  hormone 

5  mg. 

8 

3 

153 

90 

-40 

Glacial  acetic  extracted 
growth  hormone 

5  mg. 

8 

1 

154 

156 

+  2 

Glacial  acetic  extracted 
growth  hormone 

100  Mg. 

8 

3 

164 

154 

-  5 

Glacial  acetic  extracted 
growth  hormone 

1  mg. 

14 

3 

138 

125 

-00 

Glacial  acetic  extracted 
growth  hormone 

5  mg. 

7 

3 

132 

101 

-24 

0.1  c.c.  of  blood  was  taken  from  unfasted  female  mice  for  initial  blood  sugar  values,  the 
animals  were  injected  intraperitoneally  with  the  pituitary  preparation  in  0.2  cc.  mildly  alka¬ 
line  solution  and  bled  again  at  the  stated  interval.  Food  and  water  was  not  available  during 
the  experiment.  The  control  mice  except  as  specified,  received  no  injections. 

*  2  cc.  normal  saline. 

’  0.2  cc.  water  at  pH  9  with  NaOH. 

»  Lot  #11285128. 


The  1-hour  dose-response  relationship  of  the  oxycel-purified  preparation 
is  plotted  in  Figure  1  with  the  uninjected  control  values  added  in  the 
left  lower  corner.  It  can  be  seen  that  under  the  conditions  of  the  experiment 
a  reasonable  log  dose-response  relation  exists  for  doses  between  3  Mg-  and 
100  Mg. 

Adrenalectomized  animals,  with  and  without  cortisone  maintenance, 
were  used  to  determine  whether  adrenal  steroids  modified  the  blood  sugar 
response.  From  Figure  2,  it  appears  that  neither  adrenalectomy  nor  the 
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Fig.  1.  Log  dose-response  curve  of  the  1  hour  effect  of  the  oxycel-purified  pituitary 
extract  on  the  blood  sugar  concentration  of  intact  unfasted  mice.  Each  point  is  the 
mean  of  the  number  of  determinations  indicated.  The  ordinate  shows  the  per  cent  change 
in  blood  sugar;  the  uninjected  control  value  is  shown  in  the  left  lower  corner.  The  bars 
extending  from  each  point  represent  the  standard  errors  of  the  means. 

type  of  supportive  therapy  greatly  modifies  the  blood  sugar-depressing 
effect  of  this  preparation. 

Early  in  this  study  it  was  noticed  that,  although  there  was  a  marked 
reduction  in  blood  sugar  in  one  hour  after  injection  of  the  larger  doses  of 
oxycel  fraction,  abnormally  low  levels  were  only  occasionally  reached  at 
any  interval  and  convulsions  did  not  occur.  To  determine  whether  this  was 
due  merely  to  the  brevity  of  action  of  the  pituitary  fraction  or  whether  it 
represented  the  maximal  effect  obtainable,  the  effect  of  a  second  injection 
was  determined.  Four  intact  and  five  cortisone-treated  adrenalectomized 
mice  were  injected  with  100  fig.  of  the  oxycel-purified  material.  After  one 
hour,  each  animal  was  bled  and  the  injection  repeated.  No  fall  in  blood 
sugar  values  occurred  in  the  one-hour  period  after  the  second  injection. 

In  another  attempt  to  modify  the  blood  sugar-depressing  effect,  16 
mice  were  divided  into  two  groups,  one  of  which  received  seven  daily 
injections  of  100  fig.  of  the  oxycel-purified  material  while  the  other  re¬ 
ceived  a  similar  course  of  1  mg.  of  Armour  growth  hormone.  On  the  eighth 
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day  the  unfasted  animals  were  bled  for  blood  sugar  determination,  the 
first  group  was  immediately  given  100  jug.  of  the  oxycel-purified  material 
and  the  second,  5  mg.  of  Armour  growth  hormone.  The  blood  sugar  fall  in 
these  animals  was  similar  to  that  previously  found  in  animals  not  pre¬ 
treated.  The  oxycel  fraction  caused  a  fall  of  41%  in  1  hour  (4  mice),  and 
38%  in  3  hours  (4  mice)  and  the  growth  hormone  24%  in  1  hour  (3  mice) 
and  45%  in  3  hours  (4  mice). 


Fig.  2.  Fall  in  blood  sugar  in  adrenalectomized  mice.  The  change  in  blood  sugar  at 
1  hour  after  injection  with  100  /ig-  of  the  oxycel-purified  material  is  compared  with 
uninjected  controls  using  unfasted  mice  adrenalectomized  3  days  earlier.  The  left  pair 
of  graphs  summarizes  an  experiment  using  mice  given  1%  NaCl  in  the  drinking  water; 
the  results  on  the  right  were  obtained  with  animals  receiving  2.5  mg.  cortisone  subcu- 
t.aneously  immediately  after  operation  and  saline  as  well. 

The  oxycel  preparation  was  tested  in  mice  fasted  for  18  hours;  100  jug. 
produced  an  average  fall  in  blood  sugar  of  27%  in  one  hour  (4  mice). 
This  fall  was  less  than  would  be  expected  in  unfasted  animals,  but  too 
few  mice  were  used  to  establish  this  point. 

The  oxycel-purified  extract  was  found  to  protect  mice  against  insulin 
convulsions  and  to  inhibit  the  hypoglycemic  effect  of  insulin.  The  effect 
was  studied  in  adrenalectomized  mice  to  exclude  similar  effects  from  the 
corticotropic  activity  of  the  preparation.  Table  2  indicates  the  protection 
of  fasted,  cortisone-treated  adrenalectomized  mice  against  insulin-induced 
convulsions.  In  the  experiment  summarized  in  Table  3,  the  cortisone- 
treated  adrenalectomized  mice  were  not  fasted  before  the  experiment,  but 
were  fasted  during  the  65-hour  observation  period.  The  subcutaneous  in¬ 
jection  of  5  units  of  insulin  produced  a  fall  in  blood  sugar  of  74.3  per  cent 
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Table  2.  Protection  against  insulin-induced  convulsions  in  adrenalectomized  mice 


Experiment 

No  mice 

Insulin 

units 

Oxycel 

preparation, 

micrograms 

Convulsions 

within 

1  hour,  % 

Convulsions 

within 

2  hours,  % 

I 

5 

0.5 

100 

0 

40 

5 

0.5 

0 

80 

100 

5 

1.0 

100 

0 

40 

5 

1.0 

0 

100 

100 

II 

5 

1.0 

25 

40 

80 

5 

1.0 

10 

20 

40 

5 

1.0 

0 

80 

100 

2.5  mg.  of  cortisone  acetate  was  injected  subcutaneously  into  adrenalectomized  mice  4 
days  before  the  experiment;  1%  NaCl  solution  was  used  as  drinking  fluid.  Subcutaneous 
insulin,  or  intraperitoneal  pituitary  extract  followed  immediately  by  insulin  was  adminis¬ 
tered  after  18-22  hours  of  fasting.  Room  temperature  was  24°  C. 

in  90  minutes  and  convulsions  during  the  Ol-hour  period  in  four  of  the  six 
unprotected  animals,  whereas  those  animals  receiving  100  ng.  of  the  pitui¬ 
tary  preparation  in  addition  to  insulin  had  a  90-minute  fall  in  blood  sugar 
of  55.3%  and  convulsions  in  none  of  the  six  animals.  It  is  of  interest  that 
the  blood  sugar  fall  with  100  ng.  of  the  pituitary  extract  plus  5  units  of 
insulin  was  similar  to  the  fall  expected  from  100  jug-  of  the  pituitary  prepa¬ 
ration  alone. 

DISCUSSION 

Horsters  (1933)  considered  the  pituitary  hypoglycemic  effect  to  be  an 
insulin-like  action,  but  Hoffman  and  Anselmino  (1933)  attributed  it  to  a 
pancreotropic  effect  producing  increased  insulin  secretion  through  stimu¬ 
lation  of  the  Islets  of  Langerhans.  In  support  of  the  latter  view  was  the 
failure  of  pancreatectomized  dogs  to  respond  as  did  normal  dogs  with  a 
fall  of  blood  sugar.  Several  findings  in  the  present  experiments  seem 
difficult  to  explain  on  the  assumption  that  the  depression  of  blood  sugar 


Table  3.  Inhibition  of  insulin-induced  hypoglycemia  in  adrenalectomized  mice 


No. 

mice 

Insulin 

units 

Oxycel 

preparation, 

micro¬ 

grams 

Avr.  initial 
blood  sugar 
mg.  % 

Avr.  blood 
sugar  at 

90  minutes, 
mg.  % 

Mean  decrease 
in  blood  sugar 
in  90  minutes, 
% 

Convulsions 
w'ithin  6i  hrs. 
%  of  mice 

6 

5 

100 

122 

54.5 

55.3 

0 

6 

5 

0 

122 

30.2 

74.3 

67 

Mice  received  1.25  mg.  cortisone  acetate  subcutaneously  at  the  time  of  adrenalectomy  and 
w'ere  allowed  to  remain  in  cages  with  food  and  1%  NaCl  solution  available  until  beginning  of 
experiment  2  days  later.  Insulin  was  injected  subcutaneously  and  the  pituitary  preparation, 
when  administered,  was  injected  intraperitoneally  immediately  before  the  insulin.  Room 
temperature  was  24°  C.  The  times  of  onset  of  convulsions  were  li,  2i  SJ  and  4i  hours  after 
the  insulin  injection. 
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results  from  increased  insulin  secretion.  Fasted  animals  were  no  more, 
and  perhaps  less,  susceptible  to  the  hypoglycemic  effect  than  were  non- 
fasted  animals;  despite  the  rapid  rate  of  fall  in  blood  sugar  concentration 
that  occurred  in  the  first  hour  after  injection  of  a  maximal  dose  (100  Mg-)> 
little  or  no  further  decline  was  observed  and  very  low  values  were  not 
reached;  the  administration  of  a  second  dose  of  100  jug-  one  hour  after  the 
first  produced  no  further  blood  sugar  change ;  the  preparation  used  appeared 
to  inhibit  the  hypoglycemic  effect  of  administered  insulin. 

It  is  of  interest  that  in  the  studies  of  Millman  and  Russell  (1950)  both 
hypoglycemic  and  anti-insulin  effects  were  obtained  in  rats  with  a  crystal¬ 
line  growth  hormone  preparation.  However,  no  correlation  between  growth 
hormone  activity  and  the  blood  sugar-depressing  effect  can  be  shown  in 
the  present  experiments.  The  oxy cel-purified  material  is  not  growth- 
promoting  by  a  standard  assay  in  hypophysectomized  rats,  yet  it  is  con¬ 
siderably  more  potent  in  producing  blood  sugar  depression  in  mice  than  the 
growth  hormone  preparations  studied. 

The  oxycel  fraction  has  also  been  shown  to  be  more  potent  in  adipo- 
kinetic  activity  than  purified  growth  hormone  preparations  (Rosenberg, 
1953a).  Adrenal  steroid  is  necessary  for  fat  mobilization  (Payne,  1949; 
Rosenberg,  1953a)  but  is  not  required  for  the  blood  sugar  effect.  Thereis, 
however,  little  basis  on  which  to  decide  at  present  whether  or  not  one 
substance  accounts  for  the  lowered  blood  sugar  and  the  fat  mobilization, 
as  well  as  for  the  anti-insulin,  and  the  other  metabolic  effects  of  the  oyxcel 
fraction. 

SUMMARY 

An  anterior  pituitary  preparation,  purified  by  the  glacial  acetic  acid- 
oxycellulose  method,  lowered  the  blood  sugar  concentration  in  normal  and 
adrenalectomized  female  mice,  and  inhibited  the  effect  of  insulin  in  the 
adrenalectomized  animal. 

The  preparation  which  produced  these  effects  is  rich  in  corticotropin 
and  intermedin  and  it  exerts  other  metabolic  effects,  but  contains  no  more 
than  traces  of  the  other  well-defined  pituitary  hormones. 
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EVALUATION  OF  THE  ANTITHYROID  ACTIVITY 
OF  5-IODO-2-THIOURACIL' 

R.  C.  GOLDBERG  and  J.  WOLFF^ 

Biological  Laboratories,  Harvard  School  of  Dental  Medicine  and  Harvard  Medical 
School,  Boston,  Massachusetts 

INTRODUCTION 

A]MONG  the  known  types  of  antithyroid  agents,  such  as  the  thiocar- 
jf^bamides,  anions  such  as  thiocyanate  or  perchlorate,  anilines  and  poly¬ 
phenols,  and  iodide,  only  the  last  named  fails  to  exhibit  goitrogenic  action. 
Recently  it  has  been  claimed  by  several  investigators  that  5-iodo-2-thioura- 
cil  (ITU)  is  a  potent  antithyroid  drug  and  yet  has  little  or  no  goitrogenic 
activity.  Thus,  Gassner  et  al.  (1950)  reported  that  while  ITU  effected  a  sig¬ 
nificant  reduction  in  the  oxygen  consumption  of  rats  and  inhibited  the  thy¬ 
roidal  uptake  of  radioactive  iodine,  the  thyroid  glands  from  these  animals 
were  but  slightly  hypertrophied  and  revealed  little  or  no  histological  evi¬ 
dence  of  enhanced  activity.  Equimolar  inorganic  iodide  administered  with 
thiouracil  (TU)  failed  to  duplicate  this  apparently  anomalous  action  of 
ITU.  Furthermore,  it  was  suggested  that,  perhaps,  ITU  per  se  inhibited 
thyrotrophic  hormone  (TSH).  Studies  by  Barrett  and  Gassner  (1951) 
and  Barrett  et  al.  (1951)  indicated  that  while  ITU  effected  about  the  same 
lowering  of  oxygen  consumption  as  did  equimolar  quantities  of  TU  (or 
TU  and  iodide),  it  had  little  effect  on  thyroid  weight,  effected  no  essential 
histological  change  in  the  thyroid  gland,  and  resulted  in  a  decreased  loss 
of  thyroid  iodine  (as  compared  to  TU  or  TU  plus  iodide).  More  recently 
Albert  and  Ford  (1952)  found  that  the  antithyroid  activity  of  ITU,  as 
measured  by  its  effect  on  the  rate  of  loss  of  thyroidal  I^*h  was  as  great  as 
that  of  TU. 

It  thus  seemed  of  interest  to  investigate  in  some  detail  the  question  as 
to  whether  ITU  does  actually  block  hormone  synthesis  in  the  thyroid 
without  goiter  formation  or  whether  this  “unique  property”  could  equally 
well  be  explained  by  hydrolysis  of  the  drug  and  the  combined  action  of  the 
products. 

Received  for  publication  August  13,  1953, 

1  This  investigation  was  supported  by  a  grant  from  CIBA  Pharmaceutical  Products, 
Inc.,  Summit,  N.  J. 

*  Present  address:  Massachusetts  General  Hospital,  Boston,  Mass. 
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EXPERIMENTAL 

Sprague-Dawley  rats,  maintained  on  Purina  Lab  Chow  or  on  the  Rem¬ 
ington  (1937)  low  iodine  diet  (#342  with  2%  desiccated  liver)  were  used 
in  all  experiments.  The  antithyroid  agents®  and  iodide  (as  Nal),  used  in 
this  study,  were  thoroughly  mixed  with  finely  ground  chow.  The  iodide 
administered  was  always  equimolar  to  ITU.  QO2  studies  on  liver  and  kid¬ 
ney  (approximately  40  mg.  tissue  wet  weight  per  bath,  sliced  free  hand) 
were  carried  out  in  Krebs-Hensleit  (1932)  phosphate  buffer  at  pH  7.4 
in  an  O2  atmosphere  in  the  conventional  Warburg  apparatus.  Incubation 
was  carried  out  for  two  hours. 

In  studies  on  uptake  of  P®®  by  thyroid  tissue,  approximately  45  micro¬ 
curies  of  P®®  were  injected  intraperitoneally  and  the  rats  were  sacrificed 
1  or  1|  hours  later.  The  thyroid  glands  were  removed,  weighed,  digested 
in  1  ml.  2  N  NaOH,  and  counted  with  an  end  window  G-M  tube. 

Release  of  thyroidal  I*®*  was  measured  by  external  gamma  counting  as 
described  by  Wolff  (1951). 

For  the  determination  of  thyroid  gland  iodine  (P®®)  the  thyroid  glands 
were  homogenized  in  1  ml.  of  cold  10%  trichloracetic  acid  (TCA)  in  an 
all  glass  homogenizer,  the  TCA  precipitates  were  washed  twice  with  2.5 
ml.  cold  5%  TCA,  the  precipitates  and  combined  supernatants  were  then 
analyzed  for  iodine  by  the  method  described  by  Taurog  and  Chaikoff 
(1946). 

For  histological  examination,  the  thyroid  glands  were  fixed  in  formalin 
and  routinely  stained  with  hematoxylin  and  eosin.  Piutitary  glands  were 
prepared  for  cytological  examination  by  methods  described  elsewhere 
(Goldberg  and  Chaikoff,  1952). 

I.  The  effect  of  ITU,  propylthiouracil  (PTU),  and  PTU  plus  I~  on  the 

respiration  of  kidney  and  liver  tissue,  thyroid  gland  weight  and  histology, 

pituitary  cytology,  and  growth 

It  will  be  seen  from  Table  1  that  the  administration  of  0.16  or  0.2% 
ITU  (in  the  diet)  to  male  Sprague-Dawley  rats  for  a  period  of  seven  weeks 
resulted  in  a  slight  reduction  in  the  respiration  of  surviving  liver  slices 
and  questionable  depression  of  kidney  slice  respiration. 

In  agreement  with  the  results  of  Barrett  and  coworkers  (1951)  and  Gass- 
ner  et  al.  (1950),  ITU  administration  at  a  level  of  0.2%  resulted  in  a  rela¬ 
tively  slight  increase  in  the  size  of  the  thyroid  gland  (Table  1)  as  compared 
to  the  increase  noted  with  PTU.  The  addition  of  an  equivalent  amount  of 


^  We  are  grateful  to  Dr.  Stanton  Hardy  of  Lederle  Laboratories,  Pearl  River,  N.  Y., 
for  his  gift  of  thiouracil  and  to  Dr.  E.  Oppenheimer  of  CIBA  Pharmaceutical  Products, 
Inc.,  Summit,  N.  J.,  for  supplying  the  iodothiouracil  used  in  this  study. 


February,  1954  ANTITHYROID  ACTION  OF  5-IODO-2-THIOURACIL 


183 


Table  1.  The  effect  of  ITU  and  PTU  on  liver  and  kidney  QO2  and  on 

THE  STRUCTURE  OF  THE  THYROID  AND  PITUITARY  GLANDS 


Expt. 

Gp. 

Treatment 

Initial 

body 

wt. 

(mean) 

Final 

body 

wt. 

(mean) 

QOi  kidney 

Thyroid 

gland 

wt. 

Histology 

Thyroid 

gland 

Pituitary  gland 

Km. 

gni. 

mL  0:/mg./hr. 

"P” 

mg./lOO  gm. 

A 

0.16%  ITU 

119 

245 

17.8±0.8t 

<.05 

8.8±1.9t 

Normal 

Beta  cells:  hypertrophy. 

(7)* 

hyperplasia,  degranu- 

tion 

Alpha  cells:  incomplete 

degranulation 

B 

0.1%  PTU 

121 

172 

15.9±1.2 

<.01 

36.6±6.8 

H  andH.t 

Beta  cells:  hypertrophy. 

I 

(7) 

hyperplasia,  degranu- 

la  tion 

Alpha  cells:  total  de- 

granulation 

C 

0.1%  PTU 

plus  I"  (7) 

122 

178 

— 

— 

24.7±6.2 

As  B 

Same  as  B 

D 

I-  (7) 

120 

287 

1  - 

— 

6.6i0.5 

Normal 

Normal 

E 

Control  (7) 

121 

287 

19.1±1.1 

— 

5.7±0.6 

Normal 

Normal 

QOi  liver 

F 

0.2%  ITU 

203 

215 

5.6±0.3 

<.05 

13.0±1.8 

Normal 

Same  as  A 

II 

(5) 

G 

0.1%  PTU 

210 

210 

4.9±0.4 

<.01 

33.0±3.0 

H.  and  H. 

Same  as  B 

(5) 

II 

Control  (5) 

200 

215 

6.5±0.4 

— 

8.5±1.8 

Normal 

Normal 

Expt.  I;  Male  Spra^ue-Dawley  rats  maintained  for  seven  weeks  on  augmented  diets. 

Expt.  II:  Female  Sprague-Dawley  rats  maintained  for  four  weeks  on  augmented  diets. 

*  Number  of  rats/group. 

t  Mean  ±  Standard  Deviation. 

t  Hypertrophy,  hyperplasia,  colloid  loss,  high  vascularity. 

“P”  (Fisher  “t-test")  value  relating  to  control  slices 

iodide  to  PTU,  limited  the  increase  in  gland  weight  only  by  approximately 
one-third.  Similarly,  little  or  no  histological  differences  could  be  noted 
between  control  thyroid  glands  and  those  from  ITU-treated  rats  in  con¬ 
trast  to  the  picture  of  intense  cellular  hypertrophy  and  hyperplasia,  col¬ 
loid  loss,  high  vascularity,  etc.,  presented  by  the  thyroids  of  the  PTU 
(or  PTU  plus  I~)  treated  rats. 

Cytological  examination  of  the  pituitary  glands  from  rats  treated  with 
PTU,  PTU  plus  I“,  and  ITU  revealed  complete  degranulation  of  the  beta 
cells  (as  observed  in  sections  stained  with  Gomori’s  aldehyde-fuchsin) 
and  hypertrophy,  hyperplasia,  and  vacuolation  of  these  elements.  Alpha 
cell  (acidophil)  degranulation  was  complete,  however,  only  in  those  rats 
receiving  PTU  or  PTU  plus  I~.  This  phenomenon  of  complete  degranula¬ 
tion  of  the  alpha  cells  has  been  interpreted  to  indicate  an  essentially  com¬ 
plete  inhibition  of  thyroid  hormone  synthesis  (Griesbach  and  Purves, 
1945;  Goldberg  and  Chaikoff,  1949,  1950).  In  the  0.2  %ITU  treated  rats, 
the  alpha  cells  were  not  only  well  granulated,  but  in  five  of  the  six  were 
essentially  normal.  This  finding  probably  indicated,  therefore,  that  thy¬ 
roid  hormone  synthesis  w'as  not  completely  blocked. 

Another  striking  difference  observed  in  ITU  treated  rats  as  compared  w  ith 
rats  totally  deprived  of  thyroid  hormone  is  clearly  brought  out  in  Fig¬ 
ure  1.  It  w  ill  be  seen  that  the  growth  of  PTU  treated  rats  plateaus  in  about 
one  month  (as  is  the  case  with  surgically  or  I‘®'-thyroidectomized  rats; 
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Goldberg  et  al.,  1950) ;  iodide  administration  does  not  alter  the  growth  defi¬ 
cit.  The  administration  of  0.16%  ITU,  however,  results  in  a  growth  rate 
less  than  that  of  the  control  rats  but  greater  than  that  of  rats  in  which 
thyroid  hormone  synthesis  is  totally  suppressed;  in  addition,  no  plateau  is 
attained  in  this  time  interval. 


Fig.  1.  Growth  of  rats  maintained  for  seven  weeks  on  various  diets.  Iodide  added  to 
diets  is  equimolar  to  that  contained  in  0.1%  ITU.  Each  point  represents  the  average 
weight  of  seven  rats. 

II.  Metabolism  of  by  ITU  and  PTU  treated  rats 

Because  of  the  magnitude  of  in  vivo  hydrolysis  of  ITU  with  release  of 
free  iodide  (Plummer,  1950)  the  problem  of  isotope  dilution  complicates 
the  use  of  I*^*  for  metabolic  studies.  Therefore,  without  knowledge  of 
specific  activities,  quantitative  evaluation  of  radioactive  iodine  uptake 
data  is  scarcely  possible,  although  this  has  been  attempted  in  two  previous 
studies  (Williams  et  al.  (1949);  Gassner  et  al.  (1950)). 

The  studies  of  Borell  and  Holmgren  (1949)  indicated  that  the  uptake  of 
by  the  guinea  pig  thyroid  was  a  far  more  sensitive  index  of  the  degree 
of  thyrotrophic  stimulation  than  were  acinar  cell  height  measurements. 
In  a  preliminary  study  in  the  rat  we  observed  that  the  injection  of  TSH'* 

*  Kindly  supplied  by  Dr.  Irby  Bunding  of  the  Armour  Laboratories,  Chicago,  Illinois. 
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Table  2.  P“  uptake  by  the  thyroid  gland  of  rats  treated  with  ITU  and  PTU 


Expt. 

Group 

Treatment 

Duration 

Interval 
sacrificed 
after  P“ 
injection 

P”  uptake 
by  thyroid 
gland 

hours 

cts./min./mg* 

A 

0.1  %  PTU  (6)t 

1 

147±15 

B 

0.16%  ITU  (6) 

1 

108  ±14 

I 

C 

0.1%  PTU 

plus  1“  (6) 

1 

132  +  15 

D 

I-  (6) 

1 

99  +  18 

E 

Control  (6) 

1 

107  +  15 

A 

0.1%  PTU  (6) 

4 

1.5 

202+64 

B 

0.16%  ITU  (6) 

4 

1.5 

183  ±51 

C 

0.1%  PTU  plus 

I-  (6) 

4 

1.5 

223+31 

II 

D 

0.1%  PTU  plus 

0.16%  ITU  (6) 

4 

1.5 

200  ±26 

E 

I-  (6) 

4 

1.5 

118±15 

F 

Control  (6) 

4 

1.5 

129  ±32 

*  Mean  ±  Standard  Deviation, 
t  Number  of  rats/group. 


(Armour  R  377158)  (approximately  1  USP  unit  subcutaneously  twice 
daily  for  2  days)  resulted  in  a  two  fold  increase  in  the  uptake  of  P®-  by  the 
thyroid  1  to  2  hours  after  P®^  injection.  As  can  be  seen  from  Table  2,  the 
administration  of  PTU  for  2  or  4  days  resulted  in  a  slightly  increased  P®^ 
uptake  which  was  not  modified  by  iodide  ion.  ITU  seemed  to  exert  less 
effect  on  P*^  uptake  but  it  is  clear  that  the  imsensitivity  of  this  method 
plus  the  large  individual  variations  precluded  accurate  evaluation  of  thy¬ 
roid  activation. 

III.  The  effect  of  high  doses  of  ITU  on  the  rat  thyroid  and  pituitary  glands 
and  on  growth  rate 

Since  the  above  experiments  suggested  that  0.16  or  0.2%  ITU  adminis¬ 
tration  was,  perhaps,  only  partially  as  effective  in  blocking  thyroid  hor¬ 
mone  synthesis  as  PTU,  it  was  deemed  of  interest  to  investigate  the  effect 
of  administering  larger  quantities  of  this  compound.  The  effect  of  higher 
doses  of  ITU  on  growth  rate,  thyroid  size,  and  pituitary  cytology  were 
compared  with  the  effects  of  PTU  administered  in  concentrations  known 
to  block  completely  thyroid  hormone  synthesis. 

In  Table  3  are  shown  the  results  of  an  experiment  in  which  rats  were  fed 
a  diet  containing  1.0%  ITU  for  one  month.  Note  that  the  thyroid  glands 
underwent  hypertrophy  to  the  same  extent  as  did  those  of  rats  receiving 
0.1%  PTU  (with  or  without  iodide  added  on  an  equimolar  basis).  The  thy¬ 
roids  from  the  ITU  treated  rats  were  grossly  hyperemic,  had  massively 
hypertrophied  isthmi,  and  bled  freely  on  cut  section.  Microscopic  exami- 
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Fig.  2.  Thyroid  gland  from  rat  maintained  on  a  diet  containing  1.0%  ITU  for  one 
month.  Note  the  complete  absence  of  follicular  colloid,  extreme  increase  in  acinar 
cell  height,  papillary  infolding,  and  good  vascularity.  Hematoxylin  and  eosin;  X450. 

Fig.  3.  Thyroid  gland  from  rat  maintained  for  one  month,  on  a  diet  containing  0.2% 
PTU.  Note  the  similarity  to  the  gland  pictured  in  Fig.  3.  Hematoxylin  and  eosin; 
X450. 


nation  revealed  a  picture  indistinguishable  from  that  found  in  thyroids  of 
rats  which  received  PTU,  i.e.  almost  complete  absence  of  follicular  colloid, 
extreme  hypertrophy  and  hyperplasia  of  the  parenchymal  elements,  in¬ 
tense  vascularity,  and  a  high  degree  of  mitotic  activity  (Figs.  2  and  3). 
Cytological  examination  of  the  pituitary  glands  of  the  ITU  treated  rats 
revealed  beta  cell  degranulation,  hypertrophy,  Iwperplasia,  and  vacuola- 
tion,  and  complete  alpha  cell  degranulation;  an  appearance  indentical  to 
that  noted  in  the  pituitaries  of  the  0.1%  PTU  treated  rat,  and  indicative 
of  total  block  of  thyroid  hormone  synthesis. 

It  will  also  be  seen  from  Table  3  that  the  addition  of  0.16%  ITU  to  a 
diet  containing  0.1%  PTU  was  no  more  effective  in  inhibiting  the  hj’per- 
trophy  of  the  thyroid  than  was  the  addition  of  an  equivalent  amount  of 
iodide  to  PTU.  Findings  of  a  similar  nature  were  observed  by  Goldberg 
and  Chaikoff  (unpublished  data,  1951)  who  observed  that  the  administra¬ 
tion  of  0.2%  ITU  in  the  diet  did  not  inhibit  the  thyroid  gland  response  to 
exogenous  TSH^  (2  USP  units  daily  for  three  days)  as  measured  by  gland 
weight  and  acinar  cell  height  response. 

®  Kindly  supplied  by  Dr.  Wajme  Donaldson  of  Parke  Davis  and  Co.,  Detroit,  Michi¬ 
gan. 
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Table  3.  The  effect  of  high  dosages  of  ITU  on  the  thyroid  and 

PITUITARY  GLANDS 


Expt. 

Group 

Treatment 

Dura- 

Thyroid 

Histology 

tion 

gland  wt. 

Thyroid 

Pituitary 

weeks 

mg. /1 00 

gm. 

A 

0.1%PTU(7)* 

4 

27±4t 

H.  and  H.f 

Beta  cells:  hypertrophy, 

hyperplasia,  degranu- 

tion 

I 

i 

Acidophils:  total  de- 

B 

0.1%  PTU  plus 

4 

23+7 

H.  and  H. 

granulation 

Same  as  A 

I-  (6) 

C 

I-  (5) 

4 

7. 9+0. 9 

normal 

normal 

I) 

1.0%  ITU  (7) 

4 

33+3 

H.  and  H. 

Same  as  A 

E 

Control  (7) 

4 

7.2+0.8 

normal 

normal 

A 

0.1%  PTU  (6) 

■■ 

mem 

H.  and  H. 

Same  as  A  (Expt.  I) 

B 

0.1%  PTU  plus 

0.16%  ITU  (5) 

If 

H.  and  H. 

Same  as  A 

C 

0.1%  PTU  plus 

I-  (6) 

18+3 

H.  and  H. 

Same  as  A 

II 

D 

0.16%  ITU  (7) 

9. 7  +  1. 5 

normal 

Beta  cells:  hypertrophy, 

■ 

hyperplasia,  degranu¬ 
lation 

Acidophils:  normal  to 
slight  degranulation 

E 

Control  (5) 

mm 

6. 3+0. 5 

normal 

normal 

*  Number  of  rats/group, 
t  Mean  ±  Standard  Deviation. 

t  Hypertrophy  and  hyperplasia,  colloid  loss,  high  vascularity. 


In  contrast  to  the  growth  curves  found  when  0.16%  ITU  was  adminis¬ 
tered  (Fig.  1)  it  will  be  seen  from  Figure  4  that  the  administration  of  1.0% 
ITU  in  the  diet  results  in  a  growth  curve  identical  to  that  obtained  with 
TU  administration. 

IV.  Studies  on  the  rate  of  release  of  thyroidal  the  effect  of  low  and  high 
concentrations  of  ITU  and  the  failure  of  ITU  to  alter  the  acceleration 
of  the  rate  of  release  effected  by  exogenous  TSH 

The  rate  of  release  of  thyroidal  organic  has  been  shown  by  Wolff 
(1951)  to  be  a  reliable  index  of  the  rate  of  thyroid  activity.  ITU  was  as 
effectiv^e  as  0.1%  TU  in  accelerating  the  release  of  thyroidal  organic  I*®‘ 
only  when  it  was  administered  at  the  1%  level  (Table  4),  a  dose  level  which 
is  goitrogenic,  However,  when  administered  at  the  0.2%  level  (approxi¬ 
mately  that  used  by  previous  investigators),  ITU  effected  only  a  slightly 
greater  rate  of  release  of  thyroidal  I*^^  than  was  observed  in  the  control 
rats.® 


*  It  must  be  pointed  out  that,  in  view  of  the  studies  of  Roche  and  co-workers  (1952) 
and  of  Stanbury  et  al.  (1953),  interpretation  of  the  quantitative  significance  of  the 
release  of  thyroidal  I”*  is  complicated  by  1)  the  interference  by  antithyroid  drugs  with 
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Table  4.  Influence  of  ITU  on  the  rate  of  release  of  thyroid  organic  I*’^ 


Expt. 

Treatment! 

Number  of 
rats/frp. 

Half  life  of 
thyroidal  P’* 

Control 

8 

days 

1.7 

I- 

6 

1.7 

I 

0.2%  ITU 

7 

1.5 

1.0%  ITU 

8 

0.9 

0.1%  TU 

7 

0.7 

0.1%  TU  plus  I- 

7 

0.9 

Control 

6 

2.0 

TSH* 

7 

0.7 

II 

TSH  plus  I- 

5 

0.6 

TSH  plus  0.2%  ITU 

7 

0.8 

TSH  plus  0.1%  TU 

8 

0.5 

TSH  plus  0.1%  TU  plus  I- 

6 

0.5 

*  10  USP  units  of  TSH  twice  daily. 

t  Iodide  added  to  diets  in  Expt.  I  is  equivalent  to  that  contained  in  0.0%  ITU,  equivalent 
to  0.2%  ITU  in  Expt.  2. 


As  an  additional  method  of  evaluation  of  any  possible  anti-TSH  activity, 
ITU  was  administered  to  rats  injected  twice  daily  after  the  zero  time 
count  with  10  USP  units  of  TSH®  (Parke  Davis  preparation  50P4).  It  is 
evident  from  Table  4  (Experiment  II)  that  there  was  no  inhibition  of  the 
accelerated  rate  of  release  effected  by  TSH  administration. 

V.  The  effect  of  ITU  on  the  iodine  content  of  the  thyroid  gland 

It  has  been  reported  by  Barrett  et  al.  (1951)  that  the  administration  of 
ITU  results  in  a  smaller  decrease  in  thyroid  iodine  content  than  that  ob¬ 
served  in  TU  treated  rats.  In  the  present  study  male  Sprague-Dawlej' 
rats  were  treated  for  two  weeks  with  both  low  and  high  levels  of  ITU.  It 
will  be  seen  from  Table  5  that  not  only  is  there  no  decrease  in  the  thyroid 
(total)  iodine  content  in  rats  treated  with  1%  ITU,  but  there  is  actually 
a  significant  increase.  It  is  of  importance  to  note,  however,  that  in  these 
rats,  the  content  of  organic  iodine  is  reduced  to  the  same  level  as  that  found 
in  rats  treated  with  0.1%  TU.  An  appreciable,  although  reduced,  amount 
of  organic  iodine  is  still  found  in  the  thyroids  of  rats  treated  with  0.2% 
ITU. 

VI.  Duplication  of  the  “ITU  effect”  by  simultaneous  administration  of 
TU  and 

It  seemed  clear  from  the  above  experiments  that  the  apparently  anoma¬ 
lous  effect  reported  by  previous  investigators  could  probably  be  ascribed 


the  re-utilization  of  hj'drolyzed  from  monoiodo-  and  diiodo-tyrosine,  and  2)  by  dilu¬ 
tion  of  P’*  by  any  P*''  that  may  have  been  formed  from  the  hydrolysis  of  ITU. 
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Table  5.  Effect  of  ITU  and  TU  on  thyroid  P’  content 


Treatment 
(22  days) 

Number 
of  rats/ 
group 

Initial 
body  wt. 
(avg.) 

Final 
body  wt. 
(avg.) 

Thyroid  gland  iodine 

TP  \ 
Soluble 

Organic 

Total 

Per  cent 
TCA 
soluble 

gm. 

gm. 

gamma 

gamma 

gamma 

% 

Control 

7 

172 

255 

0.6 

12.5 

13.1 

4.6 

0.1%  TU 

7 

155 

182 

0.6 

0.3 

0.9 

66.7 

0.2%  ITU 

7 

164 

226 

14.5 

2.9 

17.4 

83.1 

1.0%  ITU 

7 

170 

200 

22.8 

0.3 

23.1 

98.9 

0.1%  TU  plus  I- 

6 

160 

182 

21.9 

0.2 

22.0 

99.2 

to  either  low  molar  antithyroid  activity  and/or  TU  formed  by  hydrolysis 
with  modification  of  its  goitrogenicity  by  iodide  ion.  In  order  to  test  further 
this  possibility  an  attempt  was  made  to  duplicate  this  “phenomenon” 
with  TU  and  I“.  Consequently,  rats  were  placed  on  a  diet  containing 
0.025%  TU  with  or  without  equimolar  iodide.  As  can  be  seen  from  Table 
6,  the  goitrogenic  activity  of  this  dose  of  TU  is  almost  completely  reversed 


Fig.  4.  Growth  of  rats  maintained  for  seven  weeks  on  various  diets.  Iodide  added  to 
diets  is  equimilar  to  that  contained  in  1.0%  ITU.  Each  point  represents  the  average 
weight  of  four  to  seven  rats. 


Fig.  5.  Thyroid  gland  of  rat  fed  control  diet  (no  antithyroid  agent  or  idodide  added). 
The  typical  state  of  apparent  a  slight  hyperactivity  is  illustrated  by  the  relatively 
high  (cuboidal  to  low  columnar)  acinar  cells  and  the  marked  vacuolation  of  the  colloid. 
Hematox3din  and  eosin;  X500. 

Fig.  6.  Thj'roid  gland  from  rat  fed  a  diet  containing  0.025%  TU  for  one  month.  The 
intense  degree  of  activation  is  indicated  by  the  almost  complete  absence  of  follicular 
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Table  6.  Comparison  of  low  doses  of  TU  plus  iodide  with  ITU  as  to  effect 

ON  THE  THYROID  AND  PITUITARY  GLANDS 


Treatment 
(30  days) 

Thyroid  gland 

Histology 

Group 

Weight 

Per  cent 
of  control 

Thyroid 

gland 

Pituitary  gland 

A 

Control  (6)* 

mg./OOO  gm. 
6.5  +  1.5t 

% 

100 

normal 

normal 

B 

0.025%  TU  (7) 

11.511.0 

177 

H.  and  H.t 

Beta  cells:  hypertrophy, 

C 

0.025%  TU  plus 

7.3  +  1.6 

112 

normal 

hyperplasia,  degranu¬ 
lation 

Acidophils:  slight  to  in¬ 
significant  degranula¬ 
tion 

same  as  B 

D 

I-  (7) 

0.16%  ITU  (7) 

7. 7  +  1. 3 

119 

normal 

same  as  B 

E 

I-  (6) 

6.410.5 

99 

normal 

normal 

*  Number  of  rats/group, 
t  Mean  ±  Standard  Deviation. 

i  Hypertrophy  and  hyperplasia,  colloid  loss,  high  vascularity. 


by  the  addition  of  iodide.  Histological  examination  of  the  thyroids  of 
the  rats  treated  with  TU  revealed  an  intense  hypertrophy  with  hyper¬ 
plasia  of  the  parenchymal  elements,  nearly  complete  absence  of  follic¬ 
ular  colloid,  and  a  very  high  degree  of  vascularity  (Fig.  6).  Administra¬ 
tion  of  iodide  (Fig.  7)  reversed  almost  completely  the  histological  signs  of 
activation.  These  glands,  as  those  from  the  ITU  treated  rats  (Fig.  8), 
were  readily  distinguishable  from  the  controls  which,  as  can  be  seen  in 
Figure  5,  reveal  indications  of  moderate  activity. 

Cytological  examination  of  the  pituitary  glands  revealed  a  similar 
picture  in  the  three  experimental  groups  receiving  an  antithyroid  agent, 
i.e.,  hyperplasia,  hypertrophy  and  degranulation  of  the  beta  cells,  and 
slight  to  insignificant  degranulation  of  the  alpha  cells  (Table  6).  This,  as 


colloid,  tall  columnar  hypertrophied  acinar  cells,  papillary  infolding,  and  hyperemia 
(erythrocytes  appear  black  in  the  dilated  peri-acinar  capillaries).  Hematoxylin  and 
eosin;  X500. 

Fig.  7.  Thyroid  gland  from  rat  fed  a  diet  containing  0.025%  TU  and  iodide  (equi¬ 
molar)  for  one  month.  Note  that  the  follicles  are  well  filled  with  colloid,  the  flattening 
of  the  epithelium,  reduction  in  vascularity,  and  inhibition  of  cellular  hypertrophy  and 
hyperplasia  as  compared  to  the  thyroid  shown  in  Fig.  6.  Note,  however,  that  areas 
revealing  both  activation  and  inactivation  can  be  found  in  the  same  field.  Hematoxylin 
and  eosin;  X500. 

Fig.  8.  Thyroid  gland  from  rat  fed  a  diet  containing  0.16%  ITU  for  four  weeks.  The 
thyroids,  as  typified  by  this  picture,  were  histologically  not  distinguishable  from  those 
of  the  TU  plus  iodide  group.  The  latter  two  groups  had  thyroids  which  were  histologically 
somewhat  less  active  than  those  of  the  controls.  Hematoxylin  and  eosin;  X500. 
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pointed  out  earlier,  is  evidence  of  incomplete  suppression  of  thyroid 
hormone  synthesis. 

The  above  findings  demonstrate,  therefore,  that  weak  antithyroid 
activity  without  marked  goitrogenicity  may  result  from  the  combined 
action  of  the  breakdown  products  of  ITU  (TU  and  I“;  Plummer,  1950) 
and  that  the  integrity  of  the  ITU  molecule  is  not  an  indispensable  requisite 
in  the  elucidation  of  its  “anomalous”  actions. 

DISCUSSION 

Astwood’s  (1945)  early  studies  of  thiouracil  derivatives  had  shown  that 
the  5-polar  substituted  thiouracils  possessed  little  if  any  goitrogenic  action 
in  rats.  Thus,  the  5-cyano-  and  5-carbethoxy-congeners  were  not  goitrogenic 
at  concentrations  of  approximately  1%  in  the  diet.  The  obvious  implica¬ 
tion  was  that  these  compounds  were,  therefore,  not  antithyroid;  and  the 
studies  of  Gassner  et  al.  (1950)  claiming  antithyroidal  action  without  goitro¬ 
genicity  for  another  5-polar  substituted  thiouracil  (ITU)  were  hence 
received  with  some  surprise. 

It  is  clear  from  the  results  of  the  present  study  that  the  apparently 
anomalous  ability  of  ITU  to  effect  a  separation  between  antithyroid  action 
and  goitrogenicity  is  not  manifested  when  the  dosage  of  administered  drug 
is  raised  to  sufficiently  high  levels.  Thus,  markedly  goitrous,  histologically 
active  thyroid  glands  consistently  obtain  in  rats  maintained  on  a  diet 
containing  1%  ITU.  Growth  of  these  animals  was  arrested  to  the  same 
extent  as  in  animals  receiving  goitrogenic  doses  of  PTU  or  TU.  It  was  only 
in  such  glands  (from  animals  treated  with  1%  ITU)  that  the  organic 
iodine  content  was  reduced  to  a  level  comparable  to  that  obtained  with 
with  a  known  potent  antithyroid  agent.  Moreover,  an  accelerated  rate  of 
release  of  thyroidal  I*®^  comparable  to  that  obtained  with  thiouracil, 
occurred  only  with  the  administration  of  1%  ITU.  It  is  of  interest  to  note, 
in  this  connection,  that  Albert  and  Ford  (1952)  administered  ITU  at  a 
level  of  1%  in  the  diet  and  observed  a  similar  augmentation  of  the  rate  of 
biological  decay  of  thyroidal 

In  discussion  of  their  experiments  Gassner  et  al.  (1950)  suggested  that 
perhaps  ITU  interfered  with  the  action  of  thyrotrophic  hormone  on  the 
thyroid  gland.  Since  in  the  present  experiments  ITU  1)  is  no  more  effec¬ 
tive  in  inhibiting  the  goitrogenic  action  of  propylthiouracil  than  is  an  equiv¬ 
alent  amount  of  iodide;  2)  is  markedly  goitrogenic  when  administered 
alone;  3)  does  not  inhibit  the  increased  rate  of  release  of  thyroidal  I‘*^ 
effected  by  exogenous  TSH;  and  since  it  does  not  inhibit  the  increased 
histological  activity  of  the  thyroid  gland  of  rats  treated  with  exogenous 
TSH,  it  may  be  assumed  that  some  more  feasible  explanation  of  the  earlier 
experiments  is  possible. 
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It  is  difficult  to  ascertain  to  what  extent  the  thyroid  depression  is  medi¬ 
ated  by  the  intact  molecule  and/or  by  free  TU  released  during  in  vivo 
hydrolysis.  It  has  been  reported  by  Plummer  (1950)  that,  in  the  dog,  up 
to  50%  of  the  drug  excreted  in  the  urine  appears  as  the  hydrolyzed  product. 

It  was  shown  that  goiter,  resulting  from  the  administration  of  low 
dosages  of  TU  could  be  almost  completely  suppressed  by  iodide  ion.  Simi¬ 
lar  experiments  have  already  been  reported  by  Mackenzie  (1947)  and  by 
Kjerulf-Jensen  (1946).  Since  dose  levels  (0.16  or  0.2%)  of  ITU  which  were 
minimally  goitrogenic  presented  cytological,  respiratory,  growth,  and 
chemical  evidence  of  partial  suppression  of  thyroid  hormone  synthesis, 
it  is  possible  that  the  “non-goitrogenicity”  of  ITU  may  be  due  to  the  com¬ 
bined  effect  of  weak  antithyroid  activity  (ITU  per  se  and/or  thiouracil 
released  in  relatively  low  concentrations)  modified  by  iodide  released  in 
the  hydrolysis  of  ITU.  However,  when  ITU  is  administered  in  high  enough 
concentrations  (1%),  thyroid  hormone  synthesis  can  be  essentially  com¬ 
pletely  blocked,  and  at  this  dose  level  ITU  is  no  less  goitrogenic  than  PTU 
or  TU. 

The  evaluation  of  ITU  as  a  clinical  agent  of  importance  in  the  therapeu¬ 
tic  and  preoperative  management  of  thyrotoxicosis  has  led  to  somewhat 
divergent  opinions  (Williams  et  ah,  1949;  McClintock  and  Lyons,  1951a, 
1951b;  Bondy,  1951;  Starr  and  coworkers,  1951,  1952,  1953;  Goldner  and 
Kirschenfeld,  1952;  Bartels,  1952;  and  Seven  and  Perloff,  1953).  In  the 
treatment  of  thyrotoxicosis  one  must  remember  that,  in  addition  to  the 
direct  antithyroid  activity  of  the  thiouracil  moiety,  iodide  per  se  inhibits 
the  hyperactive  gland  and  the  clear  separation  of  these  two  activities  is 
difficult.  Because  of  the  rapidity  of  depression  of  metabolic  rate,  it  would 
seem,  that  at  least  initially,  one  is  dealing  with  an  iodide  effect,  and  it  is 
interesting  to  speculate  as  to  whether  one  of  the  functions  of  ITU  might 
not  be  to  act  as  a  depot  for  a  steady  release  of  iodide  at  high  levels. 

SUMMARY 

Experiments  designed  to  test  the  antithyroid  potency  of  iodothiouracil 
(ITU),  reputed  to  be  a  non-goitrogenic  antithyroid  agent,  revealed  that 
it  is  relatively  weak,  as  compared  on  a  molar  basis  to  propylthiouracil 
(PTU)  or  thiouracil  (TU)  in  the  rat.  When  administered  at  concentrations 
at  which  its  goitrogenic  action  is  minimal  (approximately  that  level  used 
by  previous  investigators)  it  fails  to  suppress  thyroid  hormone  synthesis 
completely  as  judged  by  1)  QO2  of  liver  and  kidney  slices;  2)  presence  of 
reduced  but  appreciable  concentrations  of  organic  iodine  in  the  tlnroid 
gland;  3)  inability  to  degranulate  totally  the  alpha  cells  of  the  anterior 
pituitary  gland;  4)  incomplete  growth  suppression  and  5)  only  slight 
acceleration  of  the  rate  of  release  of  thyroidal 


194 


GOLDBERG  AND  WOLFF 


Volume  54 


Administration  of  high  levels  of  ITU  (1%  in  the  diet)  results  in  marked 
goitrogenicity  and  evidence,  from  the  above  criteria,  of  essentially  com¬ 
plete  suppression  of  thyroid  hormone  synthesis. 

No  evidence  was  found  to  indicate  that  ITU  inhibits  either  the  release 
of  TSH  or  its  action  in  stimulating  the  thyroid  gland. 

In  contrast  to  recent  reports  the  administration  of  ITU  not  only  does  not 
decrease  the  total  iodine  content  of  the  thyroid  gland  but  actually  results 
in  an  increase.  When  goitrogenic  levels  of  ITU  are  administered  the  organic 
iodine  content  is  reduced  to  a  level  comparable  to  that  seen  with  the  admin¬ 
istration  of  PTU  or  TU.  ' 

Effects  similar  to  those  observed  with  non-goitrogenic  doses  of  ITU 
were  duplicated,  in  part,  by  the  simultaneous  administration  of  low 
doses  of  TU  (0.025%  in  the  diet)  and  equimolar  iodide  ion  (0.022%). 

uptake  by  the  rat  thyroid  gland  was  found  to  be  a  relatively  insensi¬ 
tive  criterion  for  extimation  of  TSH  stimulation  of  the  thyroid;  its  useful¬ 
ness  as  an  assay  procedure  in  this  species  appears  quite  limited. 
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BIOASSAY  OF  ADRENAL  CORTICAL  STEROIDS  ON  THE 
BASIS  OF  ELECTROLYTE  EXCRETION  BY.  RATS: 
EFFECTS  OF  11-DESOXY  and  11-OXY-STEROIDS' 

BEN  B.  JOHNSON 

Department  of  Medicine,  Stanford  University  School  of  Medicine, 

San  Francisco,  California 

There  has  been  a  recent  increase  of  interest  in  the  measurement  of 
electrolyte  activity  of  the  adrenal  cortical  steroids.  Studies  have  been 
made  not  only  on  the  role  of  the  known  steroids  in  fluid  and  electrolyte 
regulation,  but  also  on  the  question  of  what  electrolyte-active  compounds 
are  secreted  by  the  adrenal  cortex  and  appear  in  blood  and  in  urine. 

Methods  of  bioassay,  based  on  the  effects  of  steroids  on  sodium  and  po¬ 
tassium  excretion,  have  been  used  in  the  detection  of  a  highly  active  corti- 
coid  in  adrenal  cortical  extract  and  adrenal  vein  blood  (Grundy,  Simpson, 
Tait,  and  Woodford,  1952).  A  similar  corticoid  has  been  found  to  appear  in 
unusual  quantity  in  the  urine  of  certain  patients  with  edema  (Luetscher 
and  Johnson,  1953).  The  increased  sodium-retaining  activity  of  urine  ex¬ 
tracts  from  these  edematous  patients  has  been  observed  to  decrease  when 
diuresis  was  induced  (Luetscher  and  Deming,  1950;  Luetscher,  Deming  and 
Johnson,  1951).  Further  investigation  will  be  necessary  to  evaluate  the  im¬ 
portance  of  such  adrenal  cortical  secretions  in  the  regulation  of  electrolyte 
balance. 

Dorfman  (1953)  has  recently  reviewed  the  results,  precision,  and  limita¬ 
tions  of  the  sensitive  methods  for  assay  of  desoxycorticosterone  and  some 
related  compounds.  The  present  report  includes  an  examination  of  certain 
aspects  of  experimental  design  and  calculation  of  results  by  which  the 
assay  can  be  directed  to  answer  specific  questions.  The  method  presented 
allows  a  qualitative  distinction  between  the  effects  of  11-desoxy  and  11- 
oxycorticosteroids,  as  well  as  a  quantitative  estimate  of  desoxycorticos- 
terone-like  effects. 


METHOD  OF  ASSAY 

For  each  assay  nine  female  albino  rats  of  the  Slonaker  strain  (Stanford  colony,  inbred 
since  1924)  weighing  150  to  160  grams,  are  used.  Bilateral  adrenalectomy  is  performed 
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4  days  before  the  assay.  For  the  next  85  days  the  rats  are  maintained  on  stock  diet 
(Addis  and  Gray,  1950)  and  0.9%  saline  to  drink.  At  11  a.m.  one  day  before  the  start  of 
assay  they  are  given  3.3  ml.  distilled  water  by  intraperitoneal  injection.  Starting  at 
4  p.M.  on  this  day,  sodium  intake  is  strictly  controlled.  The  rats  are  allowed  only  sodium- 
free  stock  diet  and  distilled  water,  and  are  given  an  intraperitoneal  injection  of  5  ml. 
0.9%  NaCl  solution  in  the  late  afternoon  before  each  assay  day. 

The  solvent  for  materials  tested  is  95%  ethyl  alcohol,  which  has  been  purified  either 
on  a  column  of  activated  charcoal  or  by  distillation  after  the  addition  of  lead  acetate  and 
potassium  hydroxide  (USP  XIII),  The  standard  is  an  11-desoxycorticosterone  acetate 
solution  in  95%  ethanol  containing  5  ixg.  in  the  injected  volume  of  0.05  ml.  The  material 
to  be  assayed  is  dissolved  in  95%  ethanol  so  that  the  desired  individual  dose  is  contained 
in  0.05  ml.  The  nine  rats  for  each  assay  are  subdivided  into  three  groups  of  three  rats, 
not  allowing  litter  mates  within  groups.  The  DOCA  standard  (S),  test  material  of  unde¬ 
termined  potency  (U),  and  solvent  control  (C)  are  given  to  each  group  in  a  different 
order  on  three  successive  days,  as  suggested  by  Spencer  (1950),  according  to  the  following 
plan: 

Group  I — 1st  day  C,  2nd  day  S,  3rd  day  U; 

Group  II — 1st  day  U,  2nd  day  C,  3rd  day  S; 

Group  III — 1st  day  S,  2nd  day  U,  3rd  day  C. 

On  the  morning  of  each  assay  day,  each  rat  receives  by  intramuscular  injection  con¬ 
trol,  standard,  or  unknown  as  determined  in  the  above  plan.  An  intraperitoneal  distilled 
water  load  of  5  ml.  is  then  given,  and  the  rat  is  placed  in  an  individual  metabolism  cage 
for  collection  of  urine  over  the  next  5  hours.  At  the  end  of  the  collection  period,  inhalation 
of  ether  is  used  to  stimulate  bladder  emptying.  Variation  in  timing  is  minimized  by 
taking  each  rat  in  the  same  order  for  all  procedures. 

The  urine  is  collected  in  a  graduated  centrifuge  tube  and  at  the  end  of  the  collection 
period  the  glass  funnel  and  collecting  apparatus  for  each  rat  are  rinsed  with  5  ml.  dis¬ 
tilled  water.  The  following  measurements  are  made  for  each  rat  on  each  of  the  3  days: 
urine  volume,  final  volume  after  rinsing,  urine  sodium,  and  urine  potassium.  Flame 
jjhotometry  is  used  to  determine  sodium  and  potassium.  Each  rat  is  weighed  at  the  start 
of  the  first  assay  day  and  after  urine  collection  on  the  last  day,  and  is  followed  subse¬ 
quently  for  possible  survival  on  stock  diet  and  tap  water  to  drink. 

A  rat  is  discarded  from  an  assay  for  any  of  the  following  causes:  Urine  volume  less 
than  0.3  ml.  on  any  day;  total  urine  sodium  less  than  30  microequivalents  on  the  control 
day;  survival  after  withdrawal  of  saline  at  end  of  assay;  obvious  illness  at  any  time,  for 
example:  severe  diarrhea  or  hematuria,  marked  coldness,  or  inability  to  struggle  during 
the  ether  inhalation.  Male  rats  have  been  successfully  used,  but  appear  to  show  greater 
variability  in  all  measurements  and  to  tolerate  the  procedure  less  well. 

RESULTS  WITH  DESOXYCORTICOSTERONE  ACETATE 

Fourteen  assays  have  been  done  with  four  different  doses  of  DOCA  as 
the  “unknown”  material  compared  with  solvent  control  and  5  Mg-  stand¬ 
ard:  three  assays  of  10  ng.  DOCA,  four  assays  of  5  ng.,  four  assays  of  2.5 
Mg.,  and  three  assays  of  0  Mg-  (solvent  injected).  The  results  of  these  experi¬ 
ments  have  been  subjected  to  statistical  procedures,  and  form  the  basis  for 
the  present  method  of  estimation  of  potency  of  unknown  materials  and  of 
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standard  error.  These  procedures  have  been  carried  out  under  the  direction 
of  Dr.  Lincoln  Moses  of  the  Department  of  Statistics. 

The  response  may  be  calculated  on  the  basis  of  sodium  output  or  of  the 
ratio  of  potassium  to  sodium  output.  Either  method  may  be  more  advan¬ 
tageous,  depending  on  the  unknown  studied,  as  will  be  shown. 

Homogeneity  of  data  on  sodium  output  and  potassium-sodium  ratio 

Since  it  was  suspected  that  observations  with  high  sodium  output  were 
more  variable  than  those  with  low  sodium,  six  experiments  were  analyzed 
to  investigate  the  degree  of  correlation  between  mean  and  variance.  The 
experimental  plan  gives  nine  sets  of  three  observations,  e.g.,  2nd  day 
standard  injection,  first  day  control  injection,  etc.  For  each  such  set  within 
an  experiment  the  mean  and  variance  of  the  observations  were  computed 
and  Kendall’s  rank  correlation  coefficient  (Kendall,  1948)  was  computed. 
This  procedure  was  carried  out  for  the  data  in  their  original  form,  as  well 
as  in  the  transformations  to  logarithms  and  to  square  roots.  The  results. 
Table  1,  show  striking  association  of  high  variability  with  high  sodium 
output  using  the  raw  data.  The  log  transformation  tended  to  overcorrect, 
while  the  square  root  expression  showed  the  least  correlation  of  vari¬ 
ability  with  high  or  low  output. 

For  the  case  of  potassium/sodium  output  ratio,  the  same  experiments 
were  similarly  tested  using  the  unmodified  data,  the  log  transformation, 
and  the  square  root  transformation  (Table  1).  Again,  the  unmodified  ratios 
showed  high  correlation  of  variability  with  large  numbers,  but  the  square 
root  expression  corrected  inadequately.  The  log  K/Na  was  satisfactory. 
Accordingly,  two  analyses  of  variance  were  done  for  each  of  the  fourteen  ex¬ 
periments,  expressing  the  individual  observations  both  as  the  square  root  of 
total  sodium  output  and  as  log  total  K/total  Na  output  ratio. 


Table  1.  Rank  correlation  test:  Summary  of  t  values* 


Assay 

No. 

Total 

Na 

Log 

Na 

v/Na 

Total  K 

K 

Total  Na 

Log 

Na 

4 

+0.278 

0.0 

0.0 

+0.389 

0.0 

+0.278 

5 

+0.667 

+0.333 

+0.389 

+0.278 

-0.389 

-0.111 

6 

+0.389 

-0.278 

-0.111 

+0.500 

+0.222 

+  0.333 

12 

+0.278 

-0.556 

-0.278 

+0.667 

+0.333 

+  0.500 

13 

+0.389 

-0.556 

-0.056 

+0.500 

+0.222 

+0.500 

14 

+0.333 

-0.167 

+0.167 

+0.445 

-0.333 

+0.111 

Totals 

1  +2.334 

-1.224 

+0.111 

+2.779 

+0.055 

+  1.611 

*  T=Kendall’s  rank  correlation  coefficient:  A  value  of  +1.00  representing  the  maximum 
possible  positive  correlation  of  high  observed  values  with  high  variances.  A  coefficient  of 
—  1.00  indicates  complete  inverse  ranking  correlation  between  variance  and  size  of  observa¬ 
tions.  A  value  of  0  indicates  no  correlation,  and  suitable  transformations  of  the  data  should 
give  totals  for  the  six  experiments  approximating  0. 
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Analysis  of  variance:  square  root  sodium 

Table  2  summarizes  the  analyses  of  variance  for  the  fourteen  experi¬ 
ments  in  terms  of  VNa.  The  experiments  are  arranged  in  increasing  order 
of  “unknown”  dose.  The  mean  squares  from  each  experiment  are  shown. 
Bartlett’s  test  of  homogeneity  of  variances  indicates  that  the  error  mean 
squares  may  be  regarded  as  estimates  of  a  common  error  variance;  they 

Table  2.  Analysis  of  variance  fob  DOCA  assays. 

Data  expressed  as  -v/Na  output 


Assay 

Dose  of 
DOCA 
assayed 

No.  of 
rats 

Mean  squares 

Between 

groups 

Within 

groups 

Days 

Treat¬ 

ments 

Error 

1 

Oixg. 

9 

2.77 

12.16 

10.06 

22.93 

1.929 

2 

OMg. 

8 

3.99 

3.33 

26.01 

26.05 

1.363 

3 

OMg. 

9 

7.15 

14.72 

5.93 

18.93 

2.433 

4 

2 . 5  Aig. 

9 

6.82 

5.02 

0.06 

2.99 

3.153 

5 

2.5  Mg. 

8 

0.72 

4.72 

4.16 

16.77 

3.726 

6 

2.5  Mg. 

7 

0.98 

5.71 

0.78 

4.76 

5.228 

7 

2.5Mg. 

8c? 

11.38 

8.89 

6.17 

40.73 

8 

11.42 

9.03 

6.32 

13.83 

2.875 

9 

8.06 

5.45 

9.58 

5.65 

6.511 

11.21 

19.71 

3.76 

49.53 

2.661 

11 

9 

7.30 

5.22 

2.47 

18.61 

2.578 

12 

10  Mg. 

9 

14.80 

8.52 

2.53 

36.43 

2.491 

13 

10  Mg. 

9 

14.42 

4.41 

2.42 

37.01 

2.809 

14 

10  Mg. 

8 

2.37 

1.62 

10.71 

33.35 

1.926 

Error  variance  of  14  assays  pooled  (178  degrees  of  freedom)  =2.995. 


may  thus  be  pooled,  and  the  resulting  estimate  is  2.995.  If  the  mean  squares 
in  the  column  headed  “days”  are  compared  to  this  figure,  it  is  seen  that 
there  is  no  evidence  of  a  consistent  shift  in  general  level  of  response  on 
days  1,  2,  and  3,  but  that  in  a  few  instances  there  was  a  marked  day  effect 
(assays  1,  2,  14).  The  entries  in  the  column  headed  “within  groups”  re¬ 
flect  variability  among  rats  subjected  to  the  same  order  of  doses;  the  fact 
that  these  run  rather  consistently  greater  than  2.995  indicates  that  the  de¬ 
sign  chosen,  which  permits  segregating  variability  among  rats,  has  in¬ 
creased  the  precision  of  the  experiments.  Entries  in  the  column  headed 
“between  groups”  reflect  differences  among  the  three  groups  of  rats  in 
each  experiment  receiving  the  doses  in  one  of  the  three  orders  used.  If  the 
order  in  which  the  doses  were  received  greatly  affected  the  response  of  the 
rats  to  any  one  or  more  doses  this  would  tend  to  make  the  entries  in  this 
column  larger  than  those  in  the  “within  groups”  column.  Inspection  shows 
that  if  any  order  effect  existed  it  was  not  large  enough  to  manifest  itself 
in  this  way.  Entries  in  the  column  headed  “treatments”  reflect  the  degree 
to  which  the  average  responses  to  control,  standard,  and  test  injections 
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differed  from  one  another.  The  size  of  the  numbers  appearing  here  should 
be  related  less  to  the  absolute  size  of  the  “unknown”  dose  than  to  the 
spread  among  all  three  doses.  Thus,  one  should  expect  the  smallest  values 
to  be  associated  with  2.5  /xg-  and  the  largest  with  10  Mg-  Comparison  of  the 
14  numbers  appearing  in  this  column  with  the  value  2.995  leaves  little 
doubt  that  the  animals  gave  convincingly  different  respoUse  to  different 
doses  of  DOCA. 


Analysis  of  Variance:  log  K/Na 

Expressing  the  response  in  the  same  14  standard  assays  as  log  K/Na  out¬ 
put  ratio,  the  corresponding  data  are  summarized  in  Table  3  for  compari¬ 
son.  The  different  variables  are  related  in  the  same  way  as  for  the  sodium 


Table  3.  Analysis  of  variance  for  DOCA  assays 


K 

Data  expressed  as  log - [-1  -0 

Na 


Assay 

Dose  of 
DOCA 
assayed 

No.  of 
rats 

Mean  squares 

Between 

groups 

Within 

groups 

Days 

Treat¬ 

ments 

Error 

1 

O/ig- 

9 

.0972 

wmm 

2 

0/ig. 

8 

.0826 

3 

Ong. 

9 

.0117 

4 

2.5 /ig. 

9 

.0056 

.0360 

.1871 

.1146 

.0167 

5 

2.5  Mg. 

8 

.0047 

.0515 

.1344 

.2111 

.0294 

6 

2.5  Mg. 

7 

.0004 

.0484 

.1972 

.1295 

.0475 

7 

2.5  Mg. 

8cf 

.0091 

.0643 

.2402 

.2475 

.0334 

8 

5  Mg. 

8 

.0921 

.0819 

.0896 

.1531 

9 

5  Mg. 

9 

.1497 

.0501 

.1254 

.0273 

10 

5  Mg. 

7 

.1122 

tiTEM 

.3532 

11 

5  Mg. 

9 

.0502 

.0202 

.2483 

.0273 

12 

10  Mg. 

9 

.0546 

.0038 

.6368 

.0325 

13 

10  Mg. 

9 

.1434 

.0472 

.8320 

14 

10  Mg. 

8 

.04117 

IQQI 

.0821 

.4431 

Error  Variance  of  14  assays  pooled  (178  degrees  of  freedom)  =0.02248. 


data  of  Table  2,  but  the  effects  of  treatment  are  considerably  larger  in 
proportion  to  error  variance,  and  are  in  general  more  consistently  related 
to  dose.  The  mean  squares  for  error  are  again  found  to  be  homogeneous, 
and  are  pooled  to  give  a  combined  estimate  of  0.02248.  Being  based  on  178 
degrees  of  freedom,  this  estimate  of  error  should  have  considerable  pre¬ 
cision. 

In  order  to  compare  the  error  of  experiments  in  which  the  substance 
assayed  w'as  not  a  knowm  dose  of  DOCA,  the  following  procedure  was  em¬ 
ployed:  thirteen  representative  complete  experiments  wdth  urine  extracts 
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(whole  or  chromatographic  fractions)  as  the  unknown  were  chosen  at 
random  from  different  months  and  different  ranges  of  potency  throughout 
the  year  February,  1952,  to  1953.  The  experiments  were  subjected  to  analy- 
lysis  of  variance  expressing  individual  observations  as  log  K/Na,  and  the 
mean  squares  for  error  were  calculated.  These  mean  squares  for  error  were 
found  to  be  homogeneous  wdth  each  other,  with  a  range  from  0,0115  to 
0.0411,  and  a  combined  error  variance  of  0.02394  with  182  degrees  of  free¬ 
dom.  These  data  are  homogeneous  with  the  corresponding  findings  in  the 
standard  experiments  presented  in  Table  3.  Assay  calculations  expressed 
as  log  K/Na  are  therefore  considered  to  have  knowm  standard  error. 

Calculation  of  Dose-Response  with  DOC  A 

The  conventional  calculation  methods  such  as  those  of  Spencer  (1950) 
and  Singer  and  Venning  (1953)  have  been  to  express  response  as  the  per¬ 
centage  decrease  in  control  Na  output,  and  to  use  a  logarithmic  dose 
scale.  A  different  expression  has  been  used  in  the  present  method  in  order 
to  have  a  zero  point  on  the  dose  scale  and  to  distinguish  assays  in  which  the 
dose  estimate  has  a  high  probability  of  being  “less  than  zero,”  an  effect 
produced  by  steroids  such  as  hydrocortisone,  which  cause  increased  Na 
excretion. 

For  calculations  based  on  log  K/Na  output,  response  (yi)  is  expressed 
as  average  of  log  ratios  for  the  unknown  material  being  assayed,  minus 
the  average  for  the  combined  standard  and  control  observations  (Figure 
1).  In  the  graph  are  plotted  the  dose-response  points  for  the  14  assays 
described  previously  in  which  the  “unknowm”  w'as  a  dose  of  DOCA  from 
0  to  10  Mg-  The  regression  of  response  on  dose  for  the  14  assays  is  indicated 
by  the  line  with  the  equation  given.  Each  point  plotted  represents  the  re¬ 
sult  of  an  entire  assay.  Approximate  95%  confidence  limits  for  estimation 
of  dosage  in  a  single  9-rat  assay,  calculated  as  the  log  K/Na  ratio,  and 
using  the  regression  line  defined  by  these  14  assays,  is  +2.15  /xg-  DOCA. 

The  data  from  these  same  assays  are  similarly  presented  in  Figure  2, 
using  the  square  root  calculation  based  on  sodium  output  only.  Here  a 
positive  response  (y2)  is  expressed  by  the  average  square  root  sodium  for 
the  combined  standard  and  control  observations  minus  the  average  for 
the  material  assayed.  There  is  clearly  a  wider  scattering  of  points  about  the 
regression  line  wdien  only  the  sodium  output  is  considered,  and  the  calcu¬ 
lated  95%  confidence  limits  for  an  estimate  of  dose  in  a  9-rat  assay  are 
±3.89  Mg.  DOCA. 

Calculation  of  Assays  with  Rats  Discarded 

Using  the  criteria  described  under  Methods,  it  is  frequently  necessary 
to  eliminate  one  or  more  of  the  9  rats  from  an  assay.  The  most  common 
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-02  4 


-0  3 

DOSE  pq.  D  0  C  A 

Fig.  1.  *Response  (yi)  =  U  minus  (C-|-/S)/2.  t/  =  averaged  log  (K/Na)  output  ratios 
for  each  rat  when  the  unknown  was  given,  and  C  and  S  are  the  corresponding  expressions 
for  soh'ent  control  and  5  /tg.  DOCA  standard. 

cases  are  those  in  which  one  rat  is  missing  from  one  group  or  one  from 
each  of  two  groups.  In  these  cases  calculation  of  average  responses  to  a 
treatment  as  described  earlier  for  complete  9-rat  assays  would  give  a  biased 
estimate,  because  of  the  highly  variable  effect  of  the  day  on  which  treat¬ 
ment  is  given. 

By  statistical  analysis  it  was  possible  to  obtain  unbiased  mean  square 
values  for  those  standard  experiments  described  in  Tables  2  and  3  which 
lack  one  or  tw'o  rats.  Once  the  applicability  of  known-variance  procedures 
was  established  for  these  assays,  analysis  of  other  experiments  with  dis¬ 
carded  rats  reduced  to  using  appropriate  formulas  for  unbiased  estimation 
of  treatment  effects,  at  the  cost  of  some  loss  in  precision.  Table  4  gives 
comparative  confidence  limits  for  the  K/Na  ratio  and  square  root  Na 
calculations  of  an  assay  when  one  or  more  rats  must  be  discarded.  In 
doubtful  cases,  the  assays  are  repeated. 

RESULTS  WITH  OTHER  SODIUM-RETAINING  CORTICOSTEROIDS 

Other  materials  which  decrease  sodium  output  and  increase  potassium 
output  can  be  related  to  DOCA  by  the  calculations  described.  For  example, 
Reichstein’s  Compound  S  in  a  dose  of  200  ng.  produces  an  effect  on  sodium 
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ASSAY  BY  DECREASE  IN  TOTAL  SODIUM  OUTPUT 


-2 

DOSE  jjg.  D  0  C  A 


Fig.  2.  **Response  (i/j)  =  (C+S)/2  minus  U.  C/  =  averaged  square  roots  of  the  sodium 
output  for  each  rat  when  the  unknown  was  given,  and  C  and  S  are  the  corresponding 
expressions  for  solvent  control  and  5  /iig.  DOCA  standard. 

output  equivalent  to  8.1  jug-  of  DOCA  and  an  effect  on  log  K/Na  equiv¬ 
alent  to  6.2  )ug.  DOCA,  (Table  5).  The  response  to  5  /xg*  free  DOC  is 
given  for  comparison.  The  effect  of  the  unidentified  sodium-retaining  corti¬ 
costeroid  found  in  the  urine  of  edematous  patients  has  been  assayed  in  a 
similar  manner  (Luetscher  and  Johnson,  1953). 

RESULTS  WITH  1 1-OXY-CORTICCSTEROIDS 

When  certain  active  11-oxy-corticosteroids  are  assayed  by  the  pro¬ 
cedure  described,  the  effects  observed  are  qualitatively  different.  In  ef- 


TaBLE  4.  95%  CONFIDENCE  LIMITS  FOR  ESTIMATE  OF 
DOSE  IN  A  SINGLE  ASSAY 


Number  of  usable  rats 

Dosage  in  0  to  10  /ig.  range 

log  K/Na  calculation  | 

v/Na  calculation 

9 

±2.15  /xg.  DOCA 

±3.90  /xg.  DOCA 

8 

2.34  /xg.  DOCA 

4.16  /xg.  DOCA 

7 

2.51  /xg.  DOCA 

4.46  /xg.  DOCA 

6  (2  in  each  group) 

2.68  /xg.  DOCA 

4.77  /xg.  DOCA 
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Table  5.  Contrasting  effects  of  11-desoxy  and  11-oxt  corticosteroids 


Assay:  Mg.  DOCA  equivalent  | 

%  Increase  above  control* 

Compound 

Dose 

VNa 

log  K/Na 

Na 

K 

Urine 

volume 

1  l-desoxycorticoeterone 
(DOC) 

5  Mg. 

4.3  Mg.±3.9 

3.3Mg.±2.2 

-36 

3 

-  8 

lI-desoxy-17a  hydroxy- 
corticosterone 
(Reichstein's  S) 

200  Mg. 

8.1  Mg. ±3.9 

6.2  Mg.±2.2 

-63 

11 

-16 

17-hydroxy-corticoeter- 
one  (Hydrocortisone) 
acetate 

50  Mg. 

•■-11.6Mg.”±4.5t 

••-2.3Mg.”±2.5 

113 

55 

45 

II-dehydro-17-hydroxy- 
corticosterone  (Cortisone) 
acetate 

112  Mg. 

"  —6.9  Mg.”±4.2 

**  —  1.6  m8."±2.3 

39 

22 

21 

1 1-dehydro-corticoeterone 
(Kendall's  A)  acetate 

168  Mg. 

“-7.1  Mg.”±3.9 

•‘-1.0Mg.”±2.2 

47 

39 

59 

Hydrocortisone  acetate 
DOCA 

f  50  Mg. 

( mixture 

1  5  Mg. 

•■-4.5  Mg  ”±3.9 

2.1  Mg.±2.2 

10 

65 

*  Ratios  of  test  dose /control  averaged  as  logarithms. 

t  Calculated  values  less  than  0  mE-  are  given  for  comparison,  enclosed  in  quotation  marks.  They  can  not  be  literally 
interpreted  as  negative  DOCA  equivalents;  their  95%  confidence  limits  are  given  only  to  illustrate  significant  depar¬ 
tures  from  O  dose,  and  have  no  other  established  quantitative  meaning. 

fective  dosage,  these  steroids  produce  increased  excretion  of  sodium, 
potassium,  and  water  (Tables  5  and  6).  Increases  of  30%  or  more  above 
the  control  output  have  been  regarded  as  probably  significant.  The  follow¬ 
ing  doses  produced  definite  effects:  hydrocortisone  50  ng.,  cortisone  112 
fig.,  corticosterone  100  /xg.,  and  ll-dehydro-corticosterone  168  ng.  Hydro¬ 
cortisone  was  considered  the  most  potent  of  this  group  and  was  shown  to 
be  more  effective  than  cortisone  or  corticosterone  when  compared  in  the 
same  rats. 

Calculation  of  response 

If  these  11-oxy-corticosteroids  are  compared  with  a  DOCA  standard, 
calculation  on  the  basis  of  the  square  root  of  sodium  output  yields  a  dosage 
estimate  less  than  zero  (negative  pg.  DOCA  effect).  This  expression  can 
be  used  to  indicate  whether  the  response  is  below  the  95%  confidence 
limits  for  a  control  injection  (Tdble  5). 

Calculation  on  the  basis  of  the  log  K/Na  ratio  may  yield  an  estimate 
indistinguishable  from  zero,  even  when  large  changes  are  observed 
(Table  5).  Since  no  adequate  expression  of  11-oxy-corticosteroid  effect  is 
possible  with  the  usual  DOCA  standard,  a  hydrocortisone  acetate  standard 
has  been  used  in  a  few  experiments  for  measurement  of  comparative  effect. 
Dose-response  curves  have  not  been  established.  For  the  ll-oxj"-corticos- 
teroids  found  to  be  active.  Table  6  gives  changes  in  sodium,  potassium, 
and  water  excretion  compared  to  the  control  observations  in  the  same  rats. 

A  mixture  of  effective  doses  of  a  sodium-retaining  and  an  11-oxy- 
steroid,  as  shown  in  Table  5  for  DOCA  and  hydrocortisone  acetate,  may 
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Table  6.  Effects  of  II-oxysteroids  and  of  17-hydroxy-11-desoxycortico8Terone  on 
OUTPUT  OF  SODIUM  AND  POTASSIUM  AND  ON  URINE  VOLUME 


Substance  injected 

Dose 

Expt. 

No.  of 

%  Increase  above  control* 

Mg. 

No. 

rats 

Na 

K 

Volume 

Hydrocortisone 

F  acetate 

12.8 

1 

7 

45 

— 

39 

F  acetate 

22.8 

2 

7 

11 

— 

45 

F  acetate 

50 

4 

8 

30 

39 

76 

F  acetate 

50 

— 

7 

113 

55 

45 

F  acetate 

100 

3 

9 

49 

45 

47 

F 

100 

— 

33 

— 

75 

Cortisone 

E 

2 

7 

-4 

-10 

-7 

E 

5 

7 

18 

9 

3 

E 

5 

8 

1 

18 

21 

E  acetate 

12.7 

1 

-8 

— 

-15 

E 

20 

8 

3 

21 

26 

E  acetate 

22.7 

2 

1 

— 

33 

E  acetate 

112 

— 

8 

39 

22 

21 

E  acetate 

112 

3 

9 

64 

0 

21 

11-Dehydro- 

corticosterone 

■1 

A  acetate 

50 

— 

9 

16 

3 

A  acetate 

168 

— 

9 

39 

59 

A  acetate 

490 

— 

7 

34 

19 

Corticosterone 

B 

5 

9 

19 

9 

45 

5 

9 

30 

33 

56 

B 

4 

8 

27 

16 

25 

B 

5 

9 

61 

89 

156 

1 7-OH-lt-Desoxy- 
corticosterone 

S 

6 

11 

-16 

5 

2 

S 

6 

11 

-35 

24 

18 

s 

6 

11 

-58 

8 

5 

*  Ratios  of  test  dose/control  averaged  as  logarithms.  Doses  followed  by  the  same  experi¬ 
ment  number  were  compared  in  the  same  rats. 


have  no  very  striking  effect  either  on  VNa  or  log  K/Na  responses  while 
a  marked  effect  is  revealed  by  the  potassium  and  water  output  data. 


DISCUSSION 

The  assay  technique  described  was  developed  for  measurements  of 
steroids  in  biological  fluids.  Since  such  steroids  may  occur  as  mixtures  and 
in  limited  amounts,  a  suitable  method  should  distinguish  different  kinds 
of  activity  and  have  as  much  sensitivity  and  economy  of  material  as 
possible. 

In  a  recent  review  of  assays  based  on  electrolyte  effects,  Dorfman  (1953) 
has  considered  the  sensitivity  and  variability  of  the  reported  methods. 
The  present  report  indicates  the  relative  importance  of  certain  factors  in 
the  experimental  design  and  calculation  of  results,  which  should  be  taken 
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into  account  in  the  selection  of  an  assay  to  deal  with  a  specific  problem. 

The  use  of  adrenalectomized  animals  is  important.  When  adrenalectomy 
is  found  to  be  incomplete,  the  rat’s  output  of  sodium  is  low  and  insensitive 
to  treatment.  Although  a  theoretical  objection  to  the  use  of  adult  female 
rats  is  the  potential  variability  of  the  effect  of  the  ovarian  steroids,  female 
rats  have  shown  no  greater  variability  and  have  tolerated  the  experimental 
procedure  better  than  the  males. 

The  observed  variability  between  groups  of  rats  is  considerable.  The 
use  of  each  rat  as  his  own  control  minimizes  this  error  in  the  measurement 
of  response  (Spencer,  1950).  Calculation  of  95%  confidence  limits  for 
estimates  of  dose  confirms  the  estimate  by  Dorfman  (1953)  of  the  larger 
number  of  animals  needed  for  an  assay  of  greater  precision.  The  use  of  9 
rats  for  three  observations  in  the  present  method  allows  some  economy 
in  the  number  of  animals  used. 

Dorfman,  Potts,  and  Fell  (1947)  pointed  out  the  sensitivity  of  the  assay 
of  desoxycorticosterone  in  adrenalectomized  rats,  using  as  a  measure  the 
retention  of  radioactive  sodium  by  the  rats.  The  procedures  of  Spencer 
(1950),  of  Singer  and  Venning  (1953),  and  of  Kagawa,  Shipley,  and  Meyer 
(1952)  also  depend  on  diminished  excretion  of  sodium.  Previous  reports 
from  this  laboratory  (Deming  and  Luetscher,  1950;  Luetscher  and  Deming, 
1951),  based  on  the  output  of  sodium,  have  stressed  the  importance  of 
strict  control  of  the  rats’  sodium  intake.  Even  with  this  precaution,  the 
variability  of  sodium  output  has  been  large,  especially  in  the  high  output 
observed  after  control  or  inert  injections.  When  the  square  root  of  the 
sodium  output  is  taken,  the  variability  of  these  large  outputs  is  reduced  to 
a  level  comparable  to  that  of  the  smaller  outputs  observed  after  injection 
of  DOCA  or  similar  materials.  A  dose-response  relationship  of  uniform 
variance  can  then  be  constructed.  In  spite  of  the  considerable  variability, 
this  measurement  is  useful  in  distinguishing  the  direction  of  effect  on  sodium 
excretion.  An  assay  based  on  sodium  output  has  certain  obvious  fallacies 
since  the  measurement  may  reflect  failure  of  sodium  excretion  in  a  sick  rat, 
or  after  injection  of  toxic  material.  Since  the  effect  of  the  solvent  used  as  a 
vehicle  may  be  appreciable,  no  modification  of  strict  solvent  control  is 
allowable. 

Simpson  and  Tait  (1952)  have  used  the  ratio  of  sodium  to  potassium 
excretion  as  a  measure  and  have  indicated  that  this  expression  minimizes 
certain  technical  errors.  The  use  of  the  ratio  between  potassium  and  sodium 
excretion  in  the  present  technique  has  been  demonstrated  to  reduce  the 
variability  of  the  response.  This  appears  to  be  due  in  part  to  an  increase 
in  potassium  excretion  at  doses  above  5  Mg-  DOCA  and  in  part  to  a 
tendency  of  the  output  of  potassium  to  parallel  the  output  of  sodium 
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when  the  variation  is  related  to  non-specific  changes.  In  this  way,  a  change 
in  K/Na  ratio  is  a  more  selective  test  for  DOC  A  effect  than  the  sodium  out¬ 
put  alone.  When  the  logarithm  of  the  ratio  is  used,  the  closer  confidence 
limits  allow  an  estimate  of  dose  nearly  twice  as  precise  as  that  based  on 
sodium  alone. 

The  1 1-oxy-corticosteroids  tested  in  effective  dosage  produced  a  clear- 
cut  increase  in  the  excretion  of  sodium  and  of  water.  These  results  are 
more  clearly  shown  in  this  technique,  in  which  a  large  water  load  is  given 
at  the  beginning  of  the  test,  than  in  other  reported  techniques  using  loads 
of  small  volume  or  of  isotonic  saline  solution.  Dorfman  (1949)  reported  no 
effect  on  sodium  excretion  when  several  11-oxy-steroids  were  tested,  ex¬ 
cept  for  increased  sodium  excretion  when  hydrocortisone  was  given  in  a 
dose  of  50  Mg-  Marcus,  Romanoff,  and  Pincus  (1952)  described  small  de¬ 
creases  in  sodium  excretion  at  10  Mg-  doses  of  the  11-oxysteroids  and  small 
increases  in  sodium  excretion  at  a  dose  of  200  Mg-  Singer  and  Venning 
(1953)  found  mild  to  marked  sodium-excreting  effects  after  doses  of  corti¬ 
sone  from  1  to  52.5  Mg- 

The  present  data  demonstrate  increases  in  potassium  excretion  after 
administration  of  the  ll-oxy-corticosteroids,  similar  to  those  described  by 
Marcus,  Romanoff,  and  Pincus  (1952).  This  parallel  effect  on  sodium  and 
potassium  output  makes  the  expression  of  the  results  as  a  ratio  appropriate 
only  if  detection  of  ll-oxy-corticosteroids  is  not  desired.  Marked  suppres¬ 
sion  of  the  effect  of  the  11-oxy corticosteroids  may  be  accomplished  by 
omitting  the  water  load  and  by  expressing  the  response  as  a  ratio  of  sodium 
to  potassium.  Grundy,  Simpson,  Tait,  and  Woodford  (1952)  have  used 
this  approach  effectively  in  detecting  a  small  quantity  of  material  with  a 
desoxycorticosterone-like  effect  in  the  presence  of  much  11-oxy-corticos- 
teroid  in  adrenal  cortical  extract.  This  method  fails,  however,  in  express¬ 
ing  the  difference  between  a  smaller  desoxycorticosterone-like  action  and 
the  effect  of  an  11-oxy-corticosteroid. 

In  the  present  method,  Reichstein’s  compound  S  was  found  to  have  an 
action  like  desoxycorticosterone,  but  on  a  weight  basis,  compound  S  was 
at  most  l/20th  as  effective  as  DOC  A.  Compound  S  and  hydrocortisone  in 
100  Mg-  doses  had  large,  opposite  effects  on  sodium  output  in  the  present 
method.  When  Simpson  and  Tait  (1952)  tested  compound  S  and  hydro¬ 
cortisone,  the  effects  of  the  two  compounds  expressed  as  sodium  to 
potassium  ratios  were  quantitatively  comparable.  These  observations  in¬ 
dicate  that  selection  of  experimental  conditions  and  expression  of  response 
are  determining  factors  in  the  result  obtained.  Certain  basic  information 
on  the  qualitative  effects  of  the  material  to  be  tested  can  be  obtained  by 
individual  measurement  of  sodium,  potassium,  and  water  output. 
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SUMMARY 

A  method  has  been  described  for  estimation  of  adrenal  corticosteroids 
affecting  sodium  and  potassium  excretion.  The  method  provides  a  quali¬ 
tative  distinction  between  DOCA-like  sodium-retaining  steroids,  inert 
compounds,  and  hydrocortisone-like  steroids  which  increase  output  of 
sodium.  A  known  error  variance  has  been  determined  both  for  estimates 
based  on  Na  output  and  on  K/Na  output  ratio.  The-relative  importance 
of  variables  affecting  estimates  of  both  of  these  responses  has  been  sepa¬ 
rated  and  compared  by  statistical  analysis  of  variance.  The  improved  pre¬ 
cision  of  estimation  of  DOCA-like  steroids  by  K/Na  ratio  calculation  has 
been  presented  in  comparison  with  calculation  based  on  Na  alone.  Ad¬ 
vantages  and  defects  of  both  calculations  have  been  discussed.  Correction 
can  be  made  for  bias  of  estimation  when  rats  must  be  discarded  from  an 
assay.  Responses  to  different  doses  of  DOCA,  Reichstein’s  compound  S, 
cortisone,  hydrocortisone,  corticosterone  and  11 -dehydro-corticosterone 
have  been  described. 

The  method  is  suitable  for  measurements  on  biological  fluids  and  re¬ 
quires  relatively"  small  amounts  of  material. 
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BIOGENESIS  OF  THE  ESTROGENS:  THE  FAILURE 
OF  CHOLESTEROL-4-Ci^  TO  GIVE  RISE  TO 
ESTRONE  IN  THE  PREGNANT  MARE 

R.  D.  H.  HEARD  and  V.  J.  O’DONNELL^ 

Department  of  Biochemistry,  McGill  University,  Montreal,  Candaa 
INTRODUCTION 

IT  HAS  been  established  (for  reviews  of  evidence  see  Gallagher  ei  al. 

(1954);  Heard  et  al.,  1954)  that  cholesterol  functions  in  the  animal 
organism  as  a  precursor  of  the  non-aromatic  steroid  hormones.  Bloch 
(1945)  demonstrated  the  conversion  of  deuterio-cholesterol  to  pregnane- 
3a,20a-diol  in  the  human  during  pregnancy,  and  concluded  that  progester¬ 
one  was  derived  from  this  sterol.  Gallagher  et  al.  (1954)  showed  in  the  hu¬ 
man  the  transformation  (presumably  through  testosterone)  of  C*^-choles- 
terol  to  androsterone  and  etiocholanolone,  while  perfusion  of  isolated 
beef  adrenal  glands  with  cholesterol-3-C“  led  to  17-hydroxy-corticosterone 
and  corticosterone  (Zaffaroni,  Hechter  and  Pincus,  1951).  Biogenesis  to 
progesterone,  certain  androgens  and  certain  adrenocorticoids  may  thus  be 
considered  well  established,  but  no  evidence  has  been  forthcoming  to  sug¬ 
gest  that  the  estrogens  may  arise  from  cholesterol.  Such  a  transformation 
in  vivo  demands,  in  addition  to  the  established  oxidative  fission  of  the  side 
chain,  aromatization  of  Ring  A  with  concomitant  removal  of  the  angular 
methyl  group  between  Rings  A  and  B,  a  series  of  reactions  which  has  not 
been  demonstrated  within  the  animal  organism.  To  test  the  hypothesis, 
one  pregnant  mare  was  injected  with  56.6  million  counts  per  minute  of 
cholesterol-4-C‘^;  the  estrone  subsequently  isolated  from  the  urine  of  the 
following  five  days  proved  to  be  inactive  radiochemically.  Equus  cahallus 
was  chosen  for  the  experiment  because  it  is  the  only  species  other  than  the 
human  which  excretes  estrogens  in  quantity  sufficient  to  admit  isolation 
in  crystalline  state. 

EXPERIMENTAL  AND  RESULTS 

Melting  points  were  taken  on  the  Fisher-Johns  micro-block;  the  re¬ 
corded  values  are  corrected. 

Received  for  publication  August  24,  1953. 

‘  Contributed  in  partial  fulfillment  of  the  requirements  for  the  degree  of  Doctor  of 
Philosophy. 
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Radioactivity  was  determined  in  the  wdndowless  flow-gas  counter  oper¬ 
ating  at  40-50%  efficiency.  Absorption  within  each  sample  was  determined 
by  the  addition  of  a  known  number  of  counts  to  the  various  extracts, 
and  the  calculated  correction  factor  was  applied  in  each  case  (method  of 
Heard,  Thompson  and  Yates;  see  Heard  et  al.,  1954). 

Administration  of  cholesterol-4-C^*  and  collection  of  excreta. 

The  steroP  (56.6  million  counts  per  minute  in  409  mg.)  in  60  ml.  of  95% 
ethanol  was  administered  intrajugularly  in  4  equal  portions  over  a  period 
of  24  hours  to  a  Percheron  mare  in  the  8th  month  of  gestation. 

Urine  was  collected  in  a  rubber  container  (half-section  of  the  inner  tube 
of  an  automobile  tire)  fitted  to  the  vulva  and  held  in  position  by  an  ap¬ 
propriate  abdominal  harness.  The  contents  were  emptied  several  times 
daily,  acidified  to  pH  ca.  3,  and  stored  at  5°  C.  under  a  layer  of  toluene. 
Each  24-hour  output  (average  5.95  1.)  for  5  days  was  subjected  separately 
to  acid  hydrolysis  (below).  Feces  (6.3  kg.)  were  collected  on  the  third  day. 
Two  samples  of  saliva  were  obtained  by  swabbing  3  and  30  minutes  after 
the  second  injection. 

Fractionation  of  urine 

The  urine  was  processed  by  a  modification  of  the  method  of  Cohen  and 
Marrian  (1934).  It  was  acidified  to  pH  1  with  concentrated  hydrochloric 
acid,  covered  with  an  equal  volume  of  toluene  and  refluxed  for  2  hours. 
On  cooling,  the  toluene  layer  was  separated  and  the  aqueous  phase  was 
extracted  with  the  same  solvent  (2 X one-half  volume).  The  combined 
toluene  extracts  were  washed  with  water  (5  X  one-tenth  volume)  and  con¬ 
centrated  in  vacuo  on  the  steam  bath  to  ca.  1  1.  The  toluene  concentrate  of 
each  24-hour  collection  was  counted  separately.  In  view  of  the  low  daily 
excretion  of  radioactivity,  it  was  deemed  advisable  to  combine  the  con¬ 
centrates  of  days  1  to  5  inclusive  before  further  processing.  The  pooled 
toluene  soluble  material  was  then  partitioned  into  acidic,  strong  phenolic, 
weak  phenolic,  and  neutral  fractions  by  extraction  with,  respectively, 
solutions  of  10%  sodium  carbonate  (IX  one-half  volume)  and  5%  sodium 
carbonate  (2 X one-half  volume),  0.1  N  sodium  hydroxide  and  N  sodium 
hydroxide  (in  each  case,  3 X one-half  volume).  The  acidified  carbonate 
and  alkali  extracts  were  then  extracted  with  ether  (3  X  one-half  volume  in 

*  The  tracer  cholesterol  was  kindly  prepared  by  Dr.  W.  W.  Zorbach  by  reduction  of 
cholestenone-4-C*‘  with  sodium  borohydride  (method  of  Schwenk,  Gut  and  Belisle, 
1951;  and  of  Belleau  and  Gallagher,  1951).  We  are  much  indebted  to  Dr.  P.  Ziegler  for 
adequate  supplies  of  cholestenone-4-C‘^  (prepared  by  the  method  of  Heard  and  Ziegler, 
1951). 
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each  instance).  The  combined  ether  extracts  of  each  fraction  and  the  re¬ 
maining  toluene  were  washed  with  water  (each  3  X  one-tenth  volume)  and 
taken  to  dryness  in  vacuo  on  the  steam  bath.  The  total  residual  aqueous 
urine  was  concentrated  to  ca.  151.  Qualitatively,  this  fraction  showed  radio¬ 
activity  (ca.  230,000  counts  per  minute).  Quantitative  data  and  radio¬ 
assay  of  the  various  organic  fractions  are  given  in  Table  1. 


Table  1.  Quantitative  data  and  radio- assay  of  urinary  fractions 


Fraction 

Weight  (gm.) 

Counts  per  minute 

Acidic 

170.25 

0 

Strong  phenolic 

15.429 

0 

Weak  phenolic 

3.615 

0 

Neutral 

17.868 

67,875 

Isolation  of  estrone 

Estrone  excretion  was  measured  by  Kober  assay  as  99  mg.  per  1.  of  urine 
(day  1).  The  weak  phenols  (3.615  gm.)  were  separated  into  ketonic  (1.5536 
gm.)  and  non-ketonic  (0.9886  gm.)  fractions  with  Girard’s  Reagent  T 
(1936).  From  the  former,  light  oils  were  removed  by  high  vacuum  distilla¬ 
tion  to  150°  C.,  and  the  residue  was  sublimed  at  150°-175°  C.  Recrystal¬ 
lization  of  the  sublimate  (m.p.  221°-232°  C.)  from  95%  ethanol  gave  crude 
estrone,  m.p.  241°-243°  C.  which  was  further  purified  by  elution  with 
benzene  from  a  column  of  Celite  previously  impregnated  with  0.4  N  sodium 
hydroxide  solution.  This  chromatographic  method  (a  modification  of  that 
of  Haenni,  Carol  and  Banes®)  was  developed  in  these  laboratories  by  Dr. 
S.  Solomon  for  the  separation  of  estrone,  equilin  and  equilenin,  and  will 
be  published  in  full  detail  in  a  later  communication.  The  estrone  eluates 
were  recrystallized  from  ethanol  to  give  the  final  product,  m.p.  262°- 
263°  C.  and  m.p.  260°-262°  C.  on  admixture  with  authentic  estrone,  m.p. 
262°-264°  C.  Further  identification  is  provided  by  the  absorption  spectrum 
in  sulphuric  acid  (Fig.  1).  It  is  noted  that  the  “authentic”  estrone  shows  a 
weak  maximum  at  ca.  350  m^u.  (where  equilin  exhibits  strong  absorption) 
which  represents  slight  contamination  with  equilin;  estrone  purified 
through  the  Celite-NaOH  chromatographic  system  is  free  of  equilin.  Plated 
at  a  concentration  of  I  mg.  per  5  cm.®,  the  isolated  estrone  showed  no  radio¬ 
activity. 

Isolation  of  benzoic  acid 

From  the  acidic  fraction,  benzoic  acid  was  obtained  directly  by  sublima¬ 
tion  in  vacuo  at  60°  C.  and  purified  by  repeated  recrystallization  from  95% 

®  We  wish  to  thank  Dr.  J.  Carol  for  details  in  advance  of  publication. 
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ethanol.  The  benzoic  acid  (m.p.  and  admixture  m.p.  122°-123°  C.)  was  not 
radioactive. 

Fractionation  of  neutral  material 

The  neutral  toluene  concentrates  were  evaporated  to  dryness  and  divided 
into  ketonic  and  non-ketonic  portions  (Girard  and  Sandulesco,  1936).  The 
non-ketones  were  further  separated  into  digitonin-precipitable  (/3)  and  digi- 
tonin-non-precipitable  (a)  fractions  (following  the  techniques  described 
by  Marker,  Rohrmann  and  Wittle,  1938,  and  by  Brooks,  Klyne,  Miller 
and  Paterson,  1952).  Two  digitonides  were  obtained:  (a)  that  precipitated 
in  95%  ethanol  (24  hours  in  the  refrigerator),  and  (b)  that  obtained  from 
the  concentrated  filtrate  of  (a)  by  precipitation  with  ether  (20  volumes). 
Each  was  separately  dissociated  in  pyridine,  and  the  liberated  /3-alcohols 
were  extracted  with  ether.  Quantitative  data  and  radio-assays  are  sum¬ 
marized  in  Table  2. 

Feces 

Feces  (6.3  kg.)  collected  on  day  3  were  leached  on  a  large  Buchner  funnel 
with  chloroform  (63  1.).  The  chloroform  extract  was  distilled  in  vacuo  on 
Table  2.  Fractionation  or  neutral  material 

Neutral  Fraction 

17.87  gm. 

(67,875  counts) 


Non-Ketonic 
10.315  gm. 


Ketonic 

1.462  gm. 
(2,640  counts) 


Ketonic  Non-Ketonic 

0.379  gm.  9.884  gm. 

I  (38,100  counts) 


Non-Ketonic 

1.749  gm. 
(3,400  counts) 


/3-Fraction  (a)  /3-Fraction  (b)  a-Fraction 

(Digitonin 

non-precipitable) 

324.8  mg.  282.5  mg.  5.822  gm. 

(1,170  counts)  (2,400  counts)  (Inactive) 
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the  steam  bath  to  2520  ml.  and  an  aliquot  of  this  (0.06  ml.  representing 
166.6  mg.  of  feces)  was  plated.  This  counted  4  disintegrations  per  minute 
above  background,  which  corresponds  to  a  total  of  189,000  counts  per  min¬ 
ute  for  the  sample.  Fecal  excretion  is  therefore  appreciable,  but  is  not  a  high 
proportion  of  the  total  injected  radioactivity. 

Saliva 

The  absorbent  cotton  swabs  taken  3  and  30  minutes  after  the  second 
injection  were  extracted  with  methanol  and  aliquots  of  these  two  extracts 
were  plated  for  radio-assay.  Qualitatively,  slight  secretion  of  C“  was 
noted  (respectively  250  and  400  counts  per  minute  per  swab). 

DISCUSSION 

From  the  data  (Table  1)  it  is  apparent  that  only  the  neutral  excretory 
products  contain  appreciable  radioactivity.  Although  the  weak  phenolic 
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estrogen  fraction  exhibited  no  detectable  count,  it  was  considered  necessary 
to  isolate  estrone  in  chemically  pure  state,  as  a  low  content  in  the  lat¬ 
ter  might  well  be  masked  by  a  very  high  proportion  of  non-radioactive 
extraneous  phenols.  The  zero  count  of  the  isolated  estrone  clearly  indicates 
that  it  is  not  derived  from  cholesterol  of  the  maternal  circulation.  The 
significance  of  this  negative  observation  becomes  apparent  from  the  fol¬ 
lowing  calculations.  The  total  body  cholesterol  of  a  750  kg.  mare  is  ap¬ 
proximately  750  gm.,  about  half  of  which  is  contained  in  the  central  nerv¬ 
ous  system  where  the  rate  of  turnover  is  negligible.  Waelsch,  Sperry  and 
Stoyanoff  (1940)  have  demonstrated  that  cholesterol  is  synthesized  slowly, 
if  at  all,  in  the  brain  of  adult  rats,  and  Bloch,  Berg  and  Rittenberg  (1943) 
showed  the  complete  absence  of  deuterio-cholesterol  from  the  brain  and 
spinal  cord  of  dogs  3  days  following  the  last  intravenous  injection  of  the 
tracer  sterol.  Based  on  the  assumption  that  the  administered  C‘^-cholesterol 
is  uniformly  diluted  with  the  remaining  375  or  so  gm.  of  body  cholesterol 
before  reaching  the  site  of  estrogen  formation  (an  improbable  occur¬ 
rence),  the  count  of  the  cholesterol  would  be  151,  and  that  of  estrone  de¬ 
rived  therefrom,  209.  In  that  a  count  of  2  above  background  is  readily 
measurable,  it  is  evident  that  little  or  no  estrone  arises  from  this  source. 

Only  a  small  proportion  of  the  administered  C“  is  excreted  in  5  days. 
Approximately  0.6%  appears  in  the  urine,  and  not  more  than  ca.  3%  in 
the  feces  (estimated  from  a  single  sample).  Presumably  much  is  stored  as 
unchanged  cholesterol,  and  much  is  degraded  to  bile  acids.  Storage  capacity 
is  marked  in  all  tissues  except  brain  and  spinal  cord,  and  conversion  to 
cholic  acid  has  been  proven  in  the  dog  (Bloch,  Berg  and  Rittenberg,  1943). 
Most  of  the  urinary  was  water  soluble,  but  the  appreciable  activity  of 
the  neutral  organic  fraction  warranted  further  separation  (Table  2)  into 
4  fractions:  (a)  ketonic,  (b)  and  (c)  two  non-ketonic  /3-alcoholic  fractions 
(differentiated  by  solubilities  of  the  digitonides),  and  (d)  a  digitonin  non- 
precipitable  non-ketonic  portion.  All  but  (d)  retained  radioactivity.  Very 
marked  loss  of  C“  accompanies  this  separation  procedure,  which  can 
only  be  attributed  to  escape  of  volatile  C'^-metabolites  in  the  course  of 
several  evaporations  to  dryness  in  vacuo.  In  that  most  known  neutral 
steroids  of  mares’  pregnancy  urine  are  pregnane  or  allopregnane  deriva¬ 
tives,  it  is  highly  probable  that  cholesterol  is  converted,  through  proges¬ 
terone,  to  these  compounds;  this  has  been  demonstrated  in  the  human  by 
Bloch  (1945).  It  is  unlikely  that  any  of  the  radioactivity  of  the  /3-alcoholic 
fraction  is  due  to  the  excretion  of  cholesterol-4-C“,  as  this  sterol  has  never 
been  encountered  in  systematic  searches  of  the  digitonin-precipitable 
neutral  alcohols  from  huge  volumes  of  mares’  pregnancy  urine  (Marker 
and  Rohrmann,  1938;  Heard  and  McKay,  1939,  and  subsequent  unpub¬ 
lished  observations;  Brooks,  Klyne,  Miller  and  Paterson,  1952). 
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SUMMARY 

1.  A  pregnant  mare  was  injected  intrajugularly  with  cholesterol-4-C^^ 
and  the  excreta  were  examined  for  C“-labeled  metabolic  products.  Radio¬ 
activity  was  excreted  in  urine,  feces  and  saliva. 

2.  The  steroid-containing  portion  in  the  urine  extracts  yielded  estrone 
which  was  non-radioactive.  The  neutral  ketonic  and  non-ketonic  fractions 
contained  considerable  C“. 

3.  It  is  thus  concluded  that  in  the  pregnant  mare  cholesterol  adminis¬ 
tered  to  the  maternal  circulation  in  this  manner  does  not  give  rise  to  es¬ 
trone,  but  very  probably  functions  as  a  precursor  of  pregnane  and  allo- 
pregnane  derivatives. 
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REGULATION  OF  THE  RAT  THYROID  IN  SHORT¬ 
TERM  IODINE  DEFICIENCY' 

N.  S.  HALMI 

Department  of  Anatomy,  State  University  of  Iowa,  Iowa  City,  Iowa 

THE  central  role  of  iodine  deficiency  in  the  etiology  of  simple  goiter 
has  been  firmly  established  (Marine,  1935).  Thyroid  hyperplasia 
readily  develops  in  rats  maintained  on  a  goitrogen-free  low  iodine  diet 
(Levine  et  al.,  1933,  Remington  and  Remington,  1938).  According  to  the 
most  generally  accepted  theory  of  the  pathogenesis  of  thyroid  changes  in 
iodine  deficiency,  the  inadequate  supply  of  iodine  curtails  the  formation 
of  thyroid  hormone,  and  the  resulting  hypothyroid  state  leads  to  compen¬ 
satory  hypersecretion  of  pituitary  thyrotrophin  (TSH)  (Marine,  1935; 
Greer,  1950;  Riggs,  1952).  In  addition  to  thyroid  enlargement,  further 
signs  of  increased  TSH  production  were  described  in  rats  fed  low  iodine 
diets,  such  as  augmented  thyroid  cell  height,  pituitary  changes  similar  to 
those  seen  in  hypothyroid  animals  and  enhanced  thyroidal  radioiodine 
collection  (Leblond  and  Mann,  1942).  Chapman  (1941),  however,  reported 
that  thyroid  cell  height  increases  in  response  to  low  iodine  intake  even  in 
the  absence  of  the  pituitary. 

Money  et  al.  (1952),  examining  the  temporal  sequence  of  thyroid  changes 
in  rats  on  an  iodine  deficient  (Remington)  diet,  found  an  increased  uptake 
of  P®'  within  a  few  days  after  the  regimen  had  been  started,  whereas  thy¬ 
roid  enlargement  did  not  become  manifest  until  over  3  months  later.  They 
pointed  out  that  the  uptake  of  a  greater  percentage  of  an  P®'  label  by  the 
thyroid  in  short-term  iodine  deficiency  does  not  necessarily  indicate  an 
increased  collection  of  I'^^,  but  may  very  well  be  due  to  the  labelling  of  a 
diminished  pool  of  iodide  by  the  isotope,  without  any  change  in  thyroid 
function.  Maloof  et  al.  (1952),  on  the  other  hand,  reported  an  increase 
in  both  thyroid  size  and  P®'  uptake  in  rats  which  had  been  fed  a  Remington 
diet  for  11  days.* 

Since  basic  uncertainties  exist  concerning  the  mechanism  as  well  as  the 
Received  for  publication  September  8,  1953. 

*  Aided  by  grant  A-423,  U.S.  Public  Health  Service,  and  a  grant  from  the  Central 
Scientific  Fund,  College  of  Medicine,  State  University  of  Iowa. 

*  The  discrepancies  between  the  results  of  these  two  groups  of  workers  are  particularly 
hard  to  reconcile  since  the  diet  used  by  Money  et  al.  was  stated  to  contain  45  /xg.  of 
iodine/kg.  and  that  fed  by  Maloof  et  al.  90  pg./kg. 
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time  of  onset  of  the  thyroid’s  reaction  to  low  iodine  intake,  an  analysis  of 
pituitary-thyroid  interplay  in  iodine  deficiency  of  short  duration  appeared 
indicated.  Groups  of  intact,  hypophysectomized  and  hypophysectomized- 
TSH  treated  rats  were  fed  a  Remington  diet,  while  their  respective  con¬ 
trols  were  maintained  on  a  high  iodine  regimen.  In  addition  to  thyroid 
weight  and  mean  cell  height  determinations,  thyroid :  serum  iodide  gradients 
(T/S)  were  examined  in  all  groups,  using  tracer  doses  of  The  latter 
measurement  is  eminently  useful,  since  a)  its  magnitude  is  a  very  sensitive 
index  of  the  level  of  thyrotrophic  stimulation  (VanderLaan  and  Greer, 
1950;  Ingbar  and  Roberts,  1952;  Halmi  et  ah,  1953),  and  b)  the  T/S  for 
can  be  regarded  to  be  identical  with  that  for  P^b  its  alterations  thus 
always  being  indicative  of  changes  in  thyroid  function.  In  some  intact 
animals  the  effect  of  dietary  iodine  intake  on  the  thyroid  was  tested  by 
administering  large  doses  of  P*‘-labelled  stable  iodide,  since  recent  studies 
(Halmi,  1954)  have  shown  that  TSH  expands  the  capacity  of  the  thyroidal 
iodide  “trap,”  which  is  approximately  20  mg.  of  iodide  per  100  gm.  thyroid 
tissue  in  normal  rats.  Finally,  the  pituitaries  of  iodine  deficient  rats  were 
examined  for  histological  signs  of  TSH  hypersecretion. 

MATERIALS  AND  METHODS 

All  rats  used  in  this  study  were  young  adult  males  of  the  Sprague-Dawley  strain. 
Exi)eriments  were  carried  out  on  5  groups  of  animals. 

Iodine  deficiency  was  produced  by  feeding  a  Remington  diet®  for  the  last  19  or  20 
days  before  necropsy.  Controls  were  fed  Rockland  pellets^  for  the  same  length  of  time 
and  sacrificed  simultaneously  with  the  corresponding  experimental  groups.  All  rats 
received  tap  water. 

In  Experiment  I  intact  rats  (final  weight  200-250  gm.)  were  used.  Experiments  II, 
III  and  IV  were  carried  out  on  hypophysectomized  animals  (120-180  gm.)  obtained 
from  a  commercial  source.®  In  Experiments  II  and  IV  the  rats  were  started  on  the 
described  dietary  regimens  9  days  after  hypophysectomy,  in  Experiment  III  one  day 
after  operation.  The  animals  in  Experiment  IV  received  daily  subcutaneous  injections 
of  .05  USP  units  of  TSH  (  =  1  mg.  USP  Thyrotropin  Reference  Substance)  for  the  last 
5  days  before  autopsy.  At  the  end  of  the  experimental  period  all  rats  of  Experiments 
I-IV  were  given  a  tracer  dose  (2-10  yc.)  of  carrier-free  radioiodide  subcutaneously,  45 
minutes  after  a  single  injection  of  6  mg.  of  propylthiouracil,  and  sacrificed  1  to  !§  hrs. 
later.  The  thyroids  were  weighed  on  a  Roller-Smith  torsion  balance.  Thyroid:  serum 


®  “Low  Iodine  Test  Diet,”  Nutritional  Biochemicals  Corporation,  Cleveland.  Com¬ 
position:  Yellow  corn  meal  (grown  in  iodine  deficient  area)  78%,  wheat  gluten  18%, 
brewer’s  yeast,  U.S.P.,  2%,  calcium  carbonate  1%  and  sodium  chloride  1%.  No  state¬ 
ment  as  to  the  iodine  content  of  the  diet  was  available.  Reported  values  for  similar  regi¬ 
mens  range  from  15  ;ug.  of  iodine/kg.  (Levine  et  al.,  1933)  to  90  /ig./kg.  (Maloof  et  al., 
1952). 

*  Stated  iodine  content  12  mg./kg. 

®  Hormone  Assay  Laboratories,  Chicago. 
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iodide  concentration  ratio  (T/S)  determinations  were  performed  as  described  in  a  previ¬ 
ous  publication  (Halmi  et  al.  1953).  One  lobe  of  each  thyroid  was  fixed  in  SUSA,  em¬ 
bedded  in  paraffin,  cut  at  5  /x  and  stained  with  Gomori’s  trichrome.  Mean  cell  heights 
were  determined  in  projected  representative  sections  by  measuring  one  cell  per  follicle 
in  20  follicles  picked  at  random  from  each  gland.  The  pituitaries  were  prepared  for  his¬ 
tological  examination  according  to  the  technique  of  Halmi  (1952a). 

In  Experiment  V  intact  rats  (final  weight  250-300  gm.)  received  20  mg.  of  !*’•- 
labelled  Nal**^  of  known  specific  activity  in  lieu  of  the  carrier-free  tracer  1  to  l|  hrs. 
before  autopsy.  Thyroid  and  serum  iodide  concentrations  (T  and  S)  were  calculated, 
disregarding  the  iodide  that  had  been  present  prior  to  the  injection,  and  the  concentra¬ 
tion  of  “trapped”  thyroidal  iodide  expressed  as  T  minus  S/2.5  (Halmi,  1954). 

RESULTS 

The  results  of  Experiment  I  are  shown  in  Figure  1.  It  can  be  seen  that 
low  iodine  intake,  under  the  conditions  of  the  experiment,  had  no  morpho¬ 
logical  stimulating  effect  on  the  thyroids  of  intact  rats.  In  fact,  mean 
acinar  cell  height  was  greater  (p  =  0.02)  in  the  Rockland  diet  fed  controls. 
In  accordance  with  this  latter  observation,  the  pituitaries  of  the  rats  main¬ 
tained  on  the  high  iodine  diet  showed  histological  signs  (low  number  of 
fully  granulated  thyrotrophs,  many  thyroidectomy  cells  exhibiting  incipi¬ 
ent  vacuolation)  suggestive  of  a  higher  TSH  output  than  that  of  the 
iodine  deficient  animals,  whose  hypophyses  contained  numerous  heavily 
granulated  thyrotrophs  and  but  few  thyroidectomy  cells.®  Nevertheless, 
the  thyroid '.serum  iodide  concentration  ratio  (T/S)  for  the  Rockland 
group  was  close  to  the  “normal”  value  of  25  (VanderLaan  and  Vander- 
Laan,  1947;  Halmi  et  al.,  *1953),  whereas  that  of  the  low  iodine  group  was 
greatly  elevated  and  well  within  the  range  of  the  T/S  values  found  in  rats 
wth  thiouracil  or  propylthiouracil  induced  goiter  (VanderLaan  and 
VanderLaan,  1947;  Greer,  1952;  Wyngaarden  et  al.,  1953;  Bogdanove  and 
Halmi,  1953;  Halmi,  1954). 

The  findings  obtained  in  Experiment  V  are  summarized  in  Table  1. 
The  administered  dose  of  20  mg.  of  Nal**^  was  apparently  sufficiently  high 
to  saturate  the  thyroidal  iodide  “trap”  of  the  controls,  since  the  concen¬ 
tration  of  “trapped”  iodide  in  their  thyroids  was  of  the  order  of  magnitude 
of  the  normal  gland’s  capacity  level  (Halmi,  1954).  Reduced  dietary  io¬ 
dine  intake  markedly  expanded  the  capacity  of  the  thyroidal  iodide  “trap¬ 
ping”  mechanism. 

Experiments  II  and  III  (Fig.  2)  were  performed  in  order  to  examine  the 
influence  of  dietary  iodine  levels  on  the  thyroid  of  hypophysectomized  rats. 
In  neither  experiment  was  there  a  morphological  difference  between  the 
thyroids  of  the  low  and  high  iodine  groups,  and  the  iodine  deficient  diet 

®  The  histophysiology  of  TSH  secretion  has  been  discussed  in  an  earlier  note  (Halmi, 
1952b). 
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Fig.  1.  Effect  of  dietary  iodine  intake  on  thyroid  weights,  mean  acinar  cell  heights 
and  thyroid :  serum  iodide  gradients  (T/S)  in  intact  rats  (Experiment  I)  and  hypophy- 
sectomized  rats  injected  with  TSH  (Experiment  IV).  Figures  in  parentheses  represent 
number  of  rats  per  group;  vertical  bars  mean  values;  vertical  lines  the  positive  segment 
of  the  standard  error. 

failed  to  prevent  the  atrophy  of  the  follicular  cells  even  when  it  was  started 
24  hrs.  after  ablation  of  the  pituitary  (Experiment  III).  On  the  other 
hand,  the  T/S  values  were  significantly  (p  <0.01)  higher  in  both  Reming¬ 
ton  diet  fed  groups  than  in  the  respective  controls  maintained  on  the  Rock¬ 
land  regimen. 

Experiment  IV  (Fig.  1)  demonstrated  that  low  iodine  intake  can  greatly 
enhance  the  response  of  the  T/S  of  hypophysectomized  rats  to  exogenous 
TSH  without  concomitant  morphological  evidence  of  greater  thyroid  ac¬ 
tivation. 

Table  1.  Thyroid:  serum  iodide  concentration  (T/S)  ratios,  thyroid  and  serum  iodide 

CONCENTRATIONS  AND  ESTIMATED  THYROIDAL  “TRAPPED”  IODIDE  CONCENTRATIONS 


IN  INTACT 

RATS 

1  TO  li  HOURS 
OF  20  MG.  OF  1 

AFTER  THE 

LABELLED 

SUBCUTANEOUS 

Nal'« 

INJECTION 

T 

s 

T  minus  S/2.5 

Diet 

No. 

rats 

T/S  ratio 

Mg.  of  l‘»7 
per  100  gm. 
thyroid 

Mg.  of  l'« 
per  100  ml. 
serum 

Mg.  of“trapped” 
I**’  per  100  gm. 
thyroid 

Rockland 

11 

2.4  +  .1* 

30.2+  .8 

13.1  +  .7 

24.9+  .9 

Remington 

9 

4.3±  .3 

70.4+3.7 

16.4+  .5 

64.1+3.4 

•  Mean  ±  standard  error. 
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Fig.  2.  Effect  of  dietary  iodine  intake  on  thyroid  weights,  mean  acinar  cell  heights 
and  thyroid-serum  iodide  gradients  (T/S)  in  hypophysectomized  rats  sacrificed  29  days 
(Experiment  II)  or  20  da}’s  (Experiment  III)  postoperatively.  Figures  in  parentheses 
represent  number  of  rats  per  group;  vertical  bars  mean  values;  vertical  lines  the  positive 
segment  of  the  standard  error. 

DISCUSSION 

Although  the  thyroids  of  the  low  iodine  diet  fed  intact  rats  in  this 
study  failed  to  exhibit  any  morphological  signs  of  exce.ssive  thyrotrophic 
stimulation,  the  elevation  of  the  thyroid :serum  iodide  gradient  (T/S)  and 
the  increased  capacity  of  the  thyroidal  iodide  “trap”  showed  that  the  iodide 
concentrating  meehanism  of  these  thyroids  was  greatly  activated.  In  view  of  the 
histological  appearance  of  the  pituitary  enhanced  release  of  TSH  was 
considered  unlikely.  Thus  the  possibility  had  to  be  examined  that  iodine 
deficiency  directly  stimulates  the  thyroid  (Chapman,  1941,  Astwood,  1949). 

The  Remington  diet  fed  hypophysectomized  rats  of  Experiments  II 
and  III  showed  T/S  values  which  were  much  lower  than  those  of  normal 
rats,  but  significantly  higher  than  tho.se  of  the  hypophysectomized  animals 
maintained  on  Rockland  chow.  This  suggests  that  the  high  T/S  of  the  io¬ 
dine  deficient  rats  in  Experiment  I  cannot  be  ascribed  solely  to  a  direct 
activation  of  the  thyroidal  iodide  concentration  mechanism  by  iodine 
deficiency,  but  that  the  level  of  iodine  intake  does  exert  an  influence  on 
the  iodide  “trap”  even  in  the  absence  of  TSH.^ 

’’  The  magnitude  of  the  difference  between  the  T/S  values  of  the  low  and  high  iodine 
groups  in  Experiments  II  and  III  indicates,  in  the  light  of  an  earlier  study  (Halmi, 
1954),  that  it  cannot  have  been  merely  due  to  a  partial  saturation  of  the  iodide  “trap” 
in*the  Rockland-diet-fed  animals. 
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Further  work  will  have  to  clarify  how  graded  dietary  iodine  levels  affect 
the  T/S  of  intact  rats.  The  T/S  of  the  Rockland  controls  in  Experiment  I 
was  the  same  as  that  of  rats  fed  Purina  Chow  (VanderLaan  and  Vander- 
Laan,  1947),  although  the  iodine  content  of  the  latter  feed  is  considerably 
lower.®  However,  the  results  obtained  by  feeding  commercial  chows  are 
difficult  to  analyze  because  of  the  possibility  that  these  diets  may  contain 
positive  goitrogens,  as  suggested  by  the  great  thyroid  cell  height  and  the 
histological  picture  of  the  pituitary  in  the  intact  controls  of  this  study. 

Experiment  IV  afforded  an  explanation  for  the  diochotomy  between  the 
morphological  picture  and  the  iodide  collecting  activity  of  the  thyroid  in 
the  iodine  deficient  intact  rats  of  Experiment  I.  It  demonstrated  that 
low  iodine  intake  can  potentiate  the  effectiveness  of  exogenous  TSH  on  the 
T/S  without  increasing  the  influence  of  the  hormone  on  thyroid  size  and  cell 
height.  The  inference  appears  justified  that  low  dietary  iodine  levels  maj^ 
modify  the  action  of  endogenous  TSH  in  a  similar  fashion.  In  the  course  of 
adaptation  to  iodine  deficiency  more  efficient  idilization  of  serum  iodide  hy 
the  thyroid  thus  may  precede  both  histological  activation  of  the  gland  and  in¬ 
creased  output  of  TSH,  as  exemplified  by  the  Remington  diet  fed  rats  in 
Experiment  I.  It  is  also  possible  that  the  first  signs  of  morphological 
stimulation  of  the  thyroid  in  turn  antedate  the  increased  discharge  of 
TSH  from  the  pituitary,  which  probably  represents  a  reaction  to  the  drop 
in  the  level  of  circulating  thyroid  hormone.  Maloof  et  al.  (1952)  found  that 
a  dose  of  exogenous  TSH,  which  was  ineffective  when  given  to  normal  rats 
on  Purina  Chow,  produced  marked  thjToid  enlargement  when  administered 
to  animals  on  a  Remington  regimen. 

The  described  potentiation  of  the  T/S  response  to  TSH  by  low  iodine 
intake  seems  to  explain  some  paradoxical  observations  previously  made  in 
this  laboratory  (unpublished  experiments  performed  in  collaboration  with 
E.  AI.  Bogdanove,  B.  N.  Spirtos  and  H.  J.  Lipner).  We  found  that  the  T/S 
of  rats  starved  for  5  days  was  either  normal  or  elevated,  whereas  thyroid 
cell  height  was  invariably  markedly  reduced.  D’Angelo  (1951)  reported 
that  the  blood  TSH  levels  of  starved  rats  are  significantly  diminished. 
It  seems  logical  to  conclude  that  our  starved  animals,  which  must  have 
been  in  a  state  of  negative  iodine  balance,  secreted  decreased  amounts  of 
TSH,  as  indicated  by  the  morphological  regression  of  the  thyroid,  while 
the  sensitivity  of  their  thyroidal  iodide  collecting  mechanism  to  TSH  was 
augmented  because  of  the  iodine  deficiency. 

It  may  not  be  fortuitous  that  low  iodine  intake  and  propylthiouracil 
(PTU)  (Halmi  et  al.,  1953)  both  enhance  the  T/S  response  of  hypophys- 
ectomized  rats  to  TSH.  It  has  been  suggested  (Rawson  and  Money,  1949) 

*  Catz  et  al.  (1953):  937  /xg.  of  iodine/kg;  Maloof  et  al.  (1952):  3.2  mg./kg. 
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that  iodine  is  the  physiological  inactivator  of  TSH  in  the  thyroid.  Wright 
and  Trikojus  (1946)  considered  the  possibility  that  nascent  elemental  io¬ 
dine  may  combine  with  TSH  within  the  thyroid,  since  they  and  Albert 
et  al.  (1946)  demonstrated  that  free  iodine  inactivated  TSH  containing 
pituitary  extracts  in  vitro.  In  the  case  of  iodine  deficiency  the  decreased 
amounts  of  iodine  in  the  thyroid  may  be  used  primarily  in  the  formation 
of  thyroid  hormone  and  the  inactivation  of  TSH  may  suffer.  PTU,  on  the 
other  hand,  is  believed  to  react  with  nascent  elemental  iodine  within  the 
th\Toid,  and  thus  also  may  prevent  in  vivo  iodination  of  TSH.®  Even  if 
it  be  assumed  that  both  iodine  deficiency  and  PTU  treatment  interfere 
with  the  inactivation  of  TSH  by  iodine,  thus  rendering  any  given  amount 
of  the  hormone  more  effective,  it  has  to  be  emphasized  that,  under  the 
conditions  of  our  experiments,  they  greatly  enhanced  the  reaction  of  the 
thyroidal  iodide  “trapping”  mechanism  to  TSH  but  had  little  or  no  aug¬ 
menting  influence  on  the  morphological  response  of  the  gland.  If  this  were 
simply  due  to  the  greater  inherent  sensitivity  of  the  iodide  “trap”  to  TSH, 
the  combination  of  histologically  inactive  thyroids  and  T/S  values  over 
100  could  be  duplicated  by  giving  appropriate  doses  of  TSH  to  hypophys- 
ectomized  rats  receiving  no  goitrogen  and  adequate  amounts  of  iodine. 
However,  so  far  we  have  been  unable  to  elevate  the  T/S  beyond  90  by 
administering  large  doses  of  TSH  alone  to  hypophysectomized  rats  fed  a 
supplemented  Rockland  regimen  (Halmi  et  al.,  1953),  whereas  even  com¬ 
paratively  small  amounts  of  TSH  raised  the  gradient  to  130-150  in  PTU 
treated  or  iodine  deficient  animals.  Furthermore,  as  mentioned  above,  an 
increase  of  the  T/S  was  observed  in  several  groups  of  starved  rats  whose 
thyroid  morphology  suggested  a  decline  in  the  output  of  TSH.  It  thus 
appears  necessary  to  postulate  that  both  iodine  deficiency  and  PTU  treat¬ 
ment,  in  addition  to  other  possible  influences  on  the  TSH  molecule  and/or 
its  inactivation  by  the  thyroid,  either  sensitize  the  iodide  concentrating  mecha¬ 
nism  to  TSH  or  specifically  potentiate  the  action  of  the  trophic  hormone  on 
the  thyroidal  iodide  ^Hrap.”  This  effect  may  be  mediated  through  some 
change  in  thyroidal  iodine  metabolism  common  to  both  conditions. 

SUMMARY 

1.  Thyroidal  weights,  mean  acinar  cell  heights  and  the  performance  of 
the  thyroidal  iodide  concentrating  mechanism  were  examined  in  groups  of 
intact,  hypophysectomized  and  hypophysectomized-thyrotrophin  (TSH) 
treated  rats  maintained  on  a  low  iodine  (Remington)  diet  or  a  high  iodine 
(Rockland)  regimen  for  19-20  days. 

*  Goitrogens  have  also  been  reported  to  reactivate  iodinated  TSH  and  to  increase 
the  biological  activity  of  untreated  TSH-containing  pituitary  extracts  (Albert  et  al., 
1947). 
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2.  Although  the  thyroids  and  the  pituitaries  of  intact  iodine  deficient 
rats  showed  no  morphological  evidence  of  thyrotrophic  activation,  the 
thyroid: serum  iodide  gradients  (T/S)  were  greatly  elevated  and  the  capac¬ 
ity  of  the  thyroids  for  “trapped”  iodide  was  expanded. 

3.  The  low  iodine  regimen  had  no  effect  on  the  morphological  regression 
of  the  thyroids  of  hypophysectomized  rats  and  the  T/S  in  these  animals 
was  also  lower  than  in  normal  rats,  albeit  significantly  higher  than  in 
Rockland  diet  fed  hypophysectomized  controls.  An  effect  of  iodine  intake 
on  the  thyroidal  iodide  “trap”  in  the  absence  of  TSH  is  suggested. 

4.  Iodine  deficiency  markedly  increased  the  effectiveness  of  exogenous 
TSH  on  the  T/S  of  hypophysectomized  rats,  without  enhancing  the  influ¬ 
ence  of  the  hormone  on  thyroid  morphology.  A  comparison  is  made  with 
previously  encountered  similar  effects  of  propylthiouracil  treatment  and 
the  mechanisms  possibly  involved  are  discussed. 

5.  It  is  concluded  that  an  improvement  in  the  efficiency  of  thyroidal 
iodine  uptake  may  precede  other  changes  of  the  pituitary-thyroid  axis  in 
iodine  deficient  states,  owing  to  an  augmented  response  of  the  thyroidal 
iodide  “trap”  to  TSH. 
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NOTES  AND  COMMENTS 


EFFECTS  OF  TOTAL  BODY  X-IRRADIATION  ON  THE  RAT 
PITUITARY 

In  1952  Botkin,  Praytor,  Austing  and  Jensen  reported  on  the  response  of  the  thyroid 
gland  to  total  body  x-irradiation.  Using  male  albino  rats  subjected  to  1000  r  of  body 
x-irradiation  they  found  a  transitory  increase  in  activity  followed  by  a  continuous  fall 
in  activity  starting  about  24  hours  post  irradiation.  Patt,  Swift,  Tyree,  and  John 
(1947),  on  the  other  hand,  under  similar  conditions  of  irradiation  found  an  increase 
in  adrenal  gland  weight  and  a  loss  of  cholesterol  in  that  organ.  Botkin  and  co-authors 
correlated  these  results  and  suggested  that  under  the  stress  of  x-irradiation  there  is 
an  initial  increase  of  TSH  and  ACTH,  subsequent  to  which  there  is  a  heightened  elab¬ 
oration  of  ACTH  at  the  expense  of  the  TSH.  It  was  further  intimated  that  the  systemic 
responses  might  be  mediated  through  the  pituitary.  Similarly  Mateyko,  Edelmann, 
Charipper  and  Gordon  (1951)  reported  that  total  body  x-irradiation  caused  an  accelera¬ 
tion  of  adrenocorticotrophin  synthesis,  first  at  the  expense  of  gonadotrophins  and  after 
24  hours,  of  thyrotrophin. 

The  purpose  of  this  paper  is  to  report  on  the  histopathological  changes  in  the  pitui- 
taries  of  the  rats  used  by  Botkin  and  co-workers. 

Following  irradiation,  the  pituitaries  were  fixed  in  Bouin’s  solution  and  after  routine 
dehydration  were  stained  with  Gomori’s  aldehyde  fuchsin  stain  (Gomori,  1950;  Halmi, 


Table  1.  Mean  differential  counts  of  the  pituitary  cells  of  normal 

RATS  AND  THOSE  EXPOSED  TO  TOTAL  BODY  X-IRRADIATION 


Days  post 
irradiation 

Differential  counts  (%) 

Chromophobe.s 

Acidophiles 

Beta  cells 

Delta  cells 

0 

52.7 

39.3 

5.3 

2.7 

(controls) 

1 

40 

58 

0.75 

1.2 

2 

37 

60 

0 

3 

3 

38.5 

59 

0 

2.5 

4 

35.5 

62.5 

0 

2 

5 

35.5 

63 

0 

1.5 

1950).  This  stain  delineates  the  cell  types  of  the  pituitary  by  differentially  staining  the 
chromophobes,  acidophiles,  and  two  classes  of  basophiles — the  so-called  beta  cells  or 
“Gomori-positive”  cells,  and  the  delta  cells,  which  have  a  reniform  nucleus  and  a  clear 
cytoplasm.  A  series  of  normal  rat  pituitaries  was  used  for  control  purposes. 

The  pituitaries  from  the  normal  and  irradiated  rats  were  examined  histologically  and 
differential  cell  counts  were  made.  The  experimental  intervals  used  were  1 ,  2,  3,  4,  and  5 
daj’s  after  exiiosure.  Six  glands  were  used  for  each  time  period  and  several  thousand  cells 
from  representative  sections  were  counted.  The  results  are  .seen  in  Table  1,  where  the 
means  for  each  time  interval  are  presented. 

At  24  hours  post  irradiation  there  is  a  virtual  absence  of  basophilic  granules  (beta 
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cells)  in  the  pituitaries.  The  same  sections  show  a  marked  increase  in  acidophiles  from 
39.3%  to  approximately  60%.  The  chromophobes  are  diminished  by  an  almost  equal 
amount.  After  24  hours,  the  “Gomori-positive”  granules  are  completely  gone,  while  the 
elevated  acidophile  count  persists. 

These  findings  correlate  very  closely  with  the  biochemical  data  on  thyroid  function 
(Botkin  et  ah,  1952)  and  adrenal  function  (Patt  et  al.,  1947),  and  support  the  thesis  that 
the  beta  cells  are  the  source  of  TSH  and  the  acidophiles  the  source  of  ACTH.  (See  also 
Purves  and  Griesbach,  1951  and  Finerty  and  Briseno-Castrejon,  1949.)  The  continued 
high  acidophile  count  suggests  that  under  a  certain  extreme  stress  ACTH  production 
may  become  paramount  and  assume  precedence  over  other  hormonal  secretions  from 
the  hypophysis. 

An  additional  finding  after  irradiation  is  a  steady  decrease  in  the  wet  weights  of  the 
pituitaries,  accompanied  by  an  increased  total  cell  count  per  unit  area  of  the  glands 
(Table  2).  The  cells  themselves  show  a  slight  but  perceptible  shrinkage.  Most  likely  this 


Table  2.  Mean  wet  weights  and  total  cell  counts  per  high  power 

FIELD  IN  PITUITARY  GLANDS  FOLLOWING  IRRADIATION 


Days  post  irradiation 

Weight  in  mgms. 

Total  cells  per  field 

0 

141 

(controls) 

1 

6.53 

158 

2 

5.52 

191 

3 

5.55 

185 

4 

5.03 

203 

5 

4.30 

229 

is  a  manifestation  of  intracellular  water  loss.  A  plot  of  the  weights  and  cell  counts  has  a 
linear  form  w'hich  indicates  a  constant  rate  of  change.  The  effect  is  not  specific  for  the 
pituitary,  however,  since  the  total  body  weight  decreases  in  a  parallel  fashion. 

Roy  Korson  and  A.  L.  Botkin 

Department  of  Biochemistry 
Army  Medical  Research  Laboratory 
Fort  Knox,  Kentucky 
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WEIGHT  RESPONSE  OF  IRRADIATED  ACCESSORY  SEX  ORGANS  OF 
THE  CASTRATE  MALE  RAT  TO  TESTOSTERONE  PROPIONATE 

The  accessory  sex  organs  (prostate,  coagulating  gland  and  seminal  vesicles)  of  the 
male  rat  castrated  at  puberty  show  practically  no  sjmntaneous  growth.  However  they 
maintain  the  potentiality  for  growth  for  a  long  time  after  castration.  The  growth 
response  of  the  accessories  to  testosterone  propionate  (TP)  is  the  same  as  early  as  one 
week  and  as  late  as  fifty  weeks  after  castration  (Hays  and  Mathieson,  1945).  Response 
to  TP  is  associated  with  profuse  mitotic  activity  and  rapid  formation  of  desoxyribonucleic 
acid  (DNA)  as  indicated  by  tracer  studies  using  P®*  (Fleischmann  and  Fleischmann, 
1952). 

It  has  been  claimed  that  irradiation  with  x-rays  can  interfere  with  the  formation  of 
DNA  and  that  this  interference  constitutes  the  mechanism  or  part  of  the  mechanism  of 
the  action  of  x-rays  on  growing  tissues  (Hevesy,  1945;  Holmes,  1947).  It  occurred  to  us 
that  the  growth  of  the  accessory  sex  organs  of  the  castrate  male  induced  by  administra¬ 
tion  of  TP  might  be  used  for  a  study  of  these  problems.  As  a  preliminary  step  we  decided 
to  study  the  weight  response  of  irradiated  accessories  of  the  castrate  rat  to  treatment 
with  TP. 


MATERI.\L  AND  METHODS 

Male  rats  of  the  Wistar  strain  were  castrated  at  the  age  of  30  days  and  were  used  in 
groups  of  6  or  12  from  1  to  3  months  after  castration.  X-ray  was  given  under  amytal  sodium 
anesthesia.  The  animal  was  shielded  with  lead  (2  mm.  thick).  Irradiation  was  given  through 
a  portal  centered  over  the  pelvis.  The  diameter  of  this  portal  was  2.4  cm.  10,000  r  were  given 
in  8  minutes  10  seconds  at  12  cm.  distance  with  inherent  filter  (8  ma,  130  KV).  TP  was  given 
by  subcutaneous  injection  of  1  mg.  of  TP  dissolved  in  0.2  ml.  of  peanut  oil  (Perandren  Ciba). 
TP  was  given  immediately  after  irradiation  to  rats  of  Group  D;  the  rats  were  sacrificed  72 
hours  after  administration  of  TP.  The  following  control  groups  were  set  up:  Untreated 
castrate  rats  (Group  A),  rats  killed  72  hours  after  irradiation  (Group  B)  and  rats  killed  72 
hours  after  administration  of  TP  (Group  C).  In  a  second  experiment  rats  were  irradiated 
24  hours  after  administration  of  TP  (Group  F)  and  sacrificed  48  hours  after  irradiation.  The 
control  group  (Group  E)  in  this  experiment  consisted  of  rats  which  had  been  given  TP  24 
hours  before. termination  of  the  experiment.  At  the  termination  of  each  experiment  the 
accessories  were  removed  under  deep  anesthesia  with  amytal  sodium  anti  weighed  to  the 
nearest  mg.  The  results  are  summarized  in  Table  1  together  with  a  statistical  evaluation. 


Table  1.  Weight  of  accessory  sex  organs  after  treatment  with  x-ray  and  TP 


Group 

No.  of  rats 

.\fter  x-rays, 
hours 

After  TP, 
hours 

Accessories 

.\verage,  mg. 

S.D.,  mg. 

A 

6 

_ 

_ 

52.8 

4.6 

B 

6 

72 

— 

49.0 

10.2 

C 

6 

— 

72 

109.7 

8.6 

D 

12 

72i 

72 

84.4 

9.2 

E 

6 

24 

63.7 

4.3 

F 

12 

48 

72 

88.7 

8.8 

Statistical  comparison  of  weights: 


Groups  compared 

P 

.\-B 

0.43 

A-C 

<0.01 

A-D 

<0.01 

C-D 

<0.01 

E-F 

<0.01 
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DISCUSSION 

Irradiation  in  the  dose  given  has  no  or  little  effect  on  the  weights  of  the  accessories 
of  the  castrate  male  rat  as  indicated  by  comparison  between  Groups  A  and  B.  The  well 
known  effect  of  TP  is  evidenced  by  comparison  of  Groups  A  and  C.  This  response  to  TP 
takes  place  ev'en  after  irradiation  with  doses  of  x-ray  as  high  as  10,000  r.  This  becomes 
evident  by  the  difference  between  the  weights  of  Group  A  and  Group  D.  However  the 
growth  response  is  less  in  the  rats,  which  had  received  both  TP  and  x-ray  (Group  D) 
than  in  the  rats  which  had  received  TP  only  (Group  C).  It  is  of  interest  that  the  acces¬ 
sories  of  rats,  which  had  been  stimulated  with  TP  for  24  hours  continue  to  grow  during 
the  next  48  hours  despite  irradiation  with  10,000  r.  This  is  evidenced  by  the  difference 
between  the  weights  of  Group  E  and  Group  F.  Further  studies  employing  cytological 
and  cj'tochemical  methods  are  necessary  to  determine  the  nature  of  the  combined  effects 
of  irradiation  and  hormonal  stimulation;  tliese  studies  are  being  undertaken. 

SUMMARY 

Under  the  conditions  of  the  experiments  outlined  above  the  growth  induced  by 
testosterone  propionate  in  the  accessory  sex  organs  of  castrate  male  rats  is  only  partially 
inhibited  by  irradiation  with  x-rays.  This  preparation  offers  a  good  opportunity  for  the 
study  of  the  effect  of  x-rays  on  growth  of  tissues  due  to  a  specific  stimulation  of  growth. 
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PROGESTATIONAL  ACTIVITY  OF  ORALLY  ADMINISTERED 
17a-ETHINYL-19-NORTESTOSTERONE 

The  need  for  orally  active  progestational  compounds  has  resulted  in  the  testing  of 
many  substances.  A  potent  oral  progestogen,  17a-ethinyl  testosterone  (pregneninolone) 
was  described  by  Inhoffen  and  Holweg  (1938).  Oral  administration  of  4  mg.  of  this  com¬ 
pound  to  estrogen-primed,  infantile  rabbits  resulted  in  positive  progestational  prolifera¬ 
tion.  Under  the  same  experimental  conditions,  a  60  mg.  oral  dose  of  progesterone  was 
ineffective.  Zondek  and  Rozin  (1939)  reported  on  the  induction  of  uterine  bleeding  in 
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Table  1.  Progestational  activity  of  orally  administered  17a-ETHiNYL-19- 
NORTESTOSTERONE  USING  THE  ClAUBERG  TEST 


Total  dose  (mg.) 

Progestational  proliferation 

1 7  a-ethiny  1- 1 9-nortestosterone 

17a-ethinyl  testosterone 

5.0 

_ 

4,3,3,3,3* 

4.0 

4,4,4,4,3,3,3,3,2,2 

2,2,0 

3.0 

4,4,3 

2, 2,2,1 

2.0 

3,3,3 

2,2,2 

1.0 

4,3,3,3,3,2 

2,2,2, 2,1,1 

0.5 

3,3,2,2,2, 1,1,1 

2,1, 1,1 

0.3 

3,3,2,2,2,2,2,1, 1,1,1 

0,0,0,0 

0.2 

2,2,2,2,1,1,1,1,1,1,0,0,0 

— 

0.1 

2,1, 1,1,1 

— 

0.05 

1,0,0,0,0 

— 

0.03 

0,0,0,0,0,0 

— 

*  Each  number  represents  degree  of  progestational  proliferation  for  one  animal. 


women  by  the  oral  administration  of  pregneninolone.  They  concluded  that  the  effective 
dose  by  mouth  is  about  6  times  greater  than  the  effective  intramuscular  dose  of  proges¬ 
terone. 

In  the  course  of  a  survey  of  orally  active  progestational  steroids,  we  have  compared  the 
physiological  activity  of  1 7a-ethinyl-l  9-nortestosterone*  with  that  of  17a-ethinyl  tes¬ 
tosterone  (jiregneninolone)  according  to  the  method  of  Clauberg  (1930). 

MATERIALS  AND  METHODS 

Female  New  Zealand  white  rabbits,  weighing  600-800  gm.,  received  daily  subcutaneous 
injections  of  10  fig.  estradiol- 17/8  in  0.25  ml.  corn  oil  for  6  days.  Beginning  on  the  seventh 
day,  the  test  compound  was  admini.stered  by  stomach  tube  in  1.0  ml.  propylene  glycol  daily, 
for  5  days.  Twenty-four  hours  after  the  last  dose,  the  animals  were  killed.  Body  and  uterine 
weights  were  recorded.  Uteri  were  fixed  in  4%  neutral  formalin,  sectioned  at  8  microns  and 
stained  with  hematoxylin  and  eosin.  The  standard  scale  of  McPhail  (1934)  was  used  in 
assessing  the  degree  of  progestational  proliferation  of  the  endometrium. 

results  and  discussion 

The  results  of  a  series  of  bioassays  of  the  two  compounds  are  shown  in  Table  1.  It  can 
be  seen  that  a  total  dose  of  0.3  mg.  pregneninolone  (17a-ethinyl  testosterone)  is  inactive 
whereas  0.5  mg.  gives  a  jirogestational  response  comparable  to  that  of  0.1  mg.  17a- 
ethinyl-19-nortestosterone.  In  addition,  progestational  proliferation  produced  by  a  5 
mg.  dose  of  pregneninolone  is  comjiarable  to  that  of  1  mg.  17a-ethinyl-19-nortestosterone. 
On  the  basis  of  this  test  therefore,  the  oral  activity  of  the  nor  compound  is  at  least  5 
times  greater  than  that  of  pregneninolone.  However,  the  inherent  quantitative  variability 
of  the  response  precludes  a  more  precise  estimate  of  physiological  potency. 

We  have  previously  reported  the  high  luteoid  activity  of  parenterally  administered 
19-norprogesterone  (Tullner  and  Hertz,  1953).  Here,  again  we  have  found  increased  bio¬ 
logical  potencj'  associated  with  the  replacement  of  a  methyl  group  at  carbon  10  with 
hydrogen. 

A  compound  with  enhanced  oral  progestational  activity  may  prove  to  be  of  experi¬ 
mental  and  clinical  value. 


1  We  are  indebted  to  Chemical  Specialties  Co.,  Inc.,  and  Syntex,  S.A.  for  the  steroid 
compounds  used  in  this  investigation. 
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SUMMARY 

Bioassay  of  17a-ethinyl-19-nortestosterone,  using  the  Clauberg  method,  demon¬ 
strates  an  oral  activity  approximately  5  times  greater  than  that  of  17a-ethinyl  testos¬ 
terone.  This  is  a  further  instance  of  increased  biological  activity  of  a  steroid  when  the 
methyl  group  at  carbon  10  is  replaced  with  hydrogen. 

Roy  Hertz,  William  Tullner  and  Edward  Raffelt 

National  Cancer  Institute 
National  Institutes  of  Health 
Public  Health  Service 

Department  of  Health,  Education,  and  Welfare 
Bethesda,  Maryland 
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EFFECTS  OF  TRIIODOTHYRONINE  ON  TADPOLES^ 

Previous  studies  of  triiodothyronine  have  shown  this  compound  to  have  thyroid 
hormone-like  activity,  evidenced  by  its  ability  to  prevent  myxedema  in  humans  (Gross 
et  al.,  1952),  and  to  possess  five  times  the  activity  of  thyroxine  in  preventing  goiter 
formation  in  thiouracil-treated  rats  (Gross  and  Pitt-Rivers,  1953).  It  seemed  of  interest 
to  investigate  the  ability  of  triiodothyronine  to  hasten  amphibian  metamorphosis  and 
to  estimate  its  potency  in  terms  of  thyroxine. 

MATERIALS  AND  METHODS 

Rana  clamitans  larvae  were  reared  by  the  method  suggested  by  Steinmetz  (1950).  Tadpoles 
of  approximately  25  mm.  were  measured  individually  in  a  petri  dish  placed  over  graph  paper 
ruled  20  lines  per  inch;  they  were  assigned  to  five  bowls  so  that  each  bowl  contained  16  tad¬ 
poles  of  the  same  average  length.  All  measurements  are  reported  as  20ths  of  an  inch.  The 
bowls  employed  were  120  mm.  crystallizing  dishes  containing  500  cc.  of  filtered*  tap  water 
(controls)  or  500  cc.  of  filtered  tap  water  plus  one  of  the  following  compounds:  40  mK-  thyrox¬ 
ine*;  10  /ig.  thyroxine;  10  mS-  triiodothyronine*;  or  2.5  mK-  triiodothyronine.  The  bowls  were 
aerated  continuou.sly,  the  water  plus  necessary  compounds  was  changed  every  other  day,  and 
commercial  baby  food*  was  added  24  hours  before  the  change  of  solution.  Each  time  fresh 
solution  was  added  each  tadpole  was  measured  hnd  as  animals  died  their  data  were  discarded. 

Received  for  publication  September  25,  1953. 

*  This  research  was  done  under  the  sponsorship  of  the  Atomic  Energy  Commission. 

*  Fulflo-filter,  BRIO  3/4,  Commercial  Filters  Corporation,  Boston. 

*  D-L  Thyroxine,  Squibb,  E.  R.  Squibb  &  Sons,  New  York.  0.58  mg.  dis.solved  in  2  cc. 
of  dilute  NaOH  plus  distilled  water  to  make  10  pg.  per  cc.,  this  solution  added  to  bowl 
to  give  desired  concentration. 

*  D-L,  3,5,3'Triiodothyronine,  lot  P1-1871-A,  generously  contributed  by  Dr,  E.  L. 
Sevringhaus,  Hoffmann-La  Roche,  Inc.,  Nutley,  New  Jersey.  0.44  mg.  dissolved  in  2  cc. 
of  dilute  NaOH  plus  distilled  water  to  make  10  jug.  per  cc.,  this  solution  added  to  bowl 
to  give  desired  concentration. 

*  Oatmeal,  Gerber  Products  Co.,  Fremont,  Michigan. 
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Table  1.  Lengths  of  tadpoles  during  course  of  experiment  in  twentieths  of  an 

INCH  REPORTED  BY  TREATMENT  RECEIVED.  FIGURES  IN  BRACKETS  REFER  TO  STANDARD 
DEVIATION.  Not  less  THA.N  10  ANIMALS  IN  EACH  GROUP 


Average  tadpole  length 

per  500  cc. 

Initial 

10  days  after 
beginning  expt. 

20  days  after 
beginning  expt. 

None 

15(2) 

17(1) 

19(2) 

2.5  Triiodothyronine 

16  (2) 

15(1) 

12(1) 

10  Thyroxine 

15  (2) 

15(1) 

14(2) 

10  Triiodothyronine 

17(4) 

10(2) 

40  Thyroxine 

16(4) 

9(1) 

The  tadpoles  were  maintained  on  this  regimen  for  ten  days  but  in  the  case  of  the  controls  and 
those  given  the  lower  dose  of  each  compound  the  experiment  was  allowed  to  run  an  addi¬ 
tional  ten  days  although  no  additional  compound  was  added.  Only  data  from  the  measure¬ 
ments  made  the  first  day  and  ten  days  later  are  reported  for  tadpoles  given  the  higher  doses 
of  the  two  compounds;  for  an  additional  ten  days  in  the  case  of  the  other  three  groups. 

RESULTS 

Ten  days’  immersion  in  either  40  /xg.  thyroxine  or  10  /xg.  triiodothyronine  per  500  cc. 
caused  a  decrease  in  tadpole  body  length.  No  marked  decrease  in  body  length  of  the  tad¬ 
poles  that  received  the  lower  dose  of  these  compounds  was  apparent  until  the  twentieth 
day. 

DISCUSSION 

The  shortening  of  tadpole  over-all  length  which  followed  the  ten  day  immersion  in 
either  40  /xg.  of  thyroxine  or  10  /xg.  of  triiodothyronine  per  500  cc.  is  considered  to  be 


0  1  2  3  4  5  6  7 . 8  9  10  1 1  12  13  14  15  16  17  18  19  20 


DAYS 


Fig.  1.  Average  of  tadpole  lengths  during  course  of  experiment  plotted  on  ordinate 
in  twentieths  of  an  inch.  Days  of  experiment  plotted  on  abscissa.  Hormone  treatment 
(tadpoles  immersed  in  concentration  noted  on  each  line)  only  during  first  10  days  of 
experiment.  Each  point  represents  no  less  than  10  animals. 
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evidence  that  both  of  these  compounds  hasten  metamorphosis.  Since  both  the  com¬ 
pounds  at  this  dose  level  were  toxic,  the  number  of  tadpoles  per  compound  was  reduced 
to  ten,  and  the  experiment  was  effectively  terminated  at  this  point.  The  two  lower  dose 
groups  (without  further  addition  of  the  compounds)  were  measured  for  an  additional  10 
days  and  they  also  showed  a  marked  shortening  of  over-all  length. 

An  estimation  was  made  of  relative  potency  of  triiodothyronine  in  terms  of  thyroxine 
on  a  molar  basis.  The  criterion  was  the  decrease  in  length  of  each  tadpole  after  10  days’ 
immersion  in  the  two  compounds  and  the  data  were  handled  by  an  analj  sis  of  covariance 
(Snedecor,  1948)  and  the  method  of  Bliss  (1952).  The  relative  potency  calculated  sta¬ 
tistically  showed  that  triiodothyronine  was  3.8  times  (3.3-4.4  at  P  =  95%)  more  potent 
than  thyroxine  in  hastening  amphibian  metamorphosis.  The  present  finding  that  triiodo¬ 
thyronine  exhibits  maturation  effects  in  amphibians  adds  merit  to  the  suggestion  of 
Gross  and  Pitt-Rivers  (1953)  that  this  compound  must  receive  further  consideration  in 
the  question  of  what  is  the  thj'roid  hormone,  not  only  in  mammals  but  in  the  lower 
vertebrates  as  well. 

SUMMARY 

D-L  triiodothyronine  (2.5  or  10  |xg.  per  500  cc.)  and  D-L  thyroxine  (10  /xg.  or  40  mR- 
per  500  cc.)  were  effective  in  shortening  Rana  clamitans  bodj'-length  when  the  tadi)oles 
were  immersed  in  these  compounds  for  ten  days.  An  estimation  of  relative  jjotency  indi¬ 
cated  that  triiodothyronine  was  approximately  3.8  times  more  effective  than  thyroxine. 
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Addendum;  While  this  paper  was  in  press  similar  results  were  reported  by  P.  C.  J. 
Roth  {Compt.  rend.  Soc.  de  Biol.  147:  1140,  1953). 


THE  FAILURE  OF  LARGE  QUANTITIES  OF  TESTOSTERONE  PRO¬ 
PIONATE  TO  ACTIVATE  LOW  DRIVE  MALE  GUINEA  PIGS^ 

Numerous  data  collected  during  studies  of  the  rat  and  rabbit  are  taken  in  support  of 
the  view  that  strength  of  sex  drive  is  proportional  to  supra-maintenance  levels  of  andro¬ 
gen  (Stone,  1938;  Beach,  1940,  1942a  and  b,  1944;  Beach  and  Holtz-Tucker,  1949; 
Cheng  and  Casida,  1949;  Cheng,  Ulberg,  Christian  and  Casida,  1950;  Kagan  and  Beach, 
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1953;  Kinsey,  Pomeroy,  IMartin  and  Gebhard,  1953).  It  is  clear  however  even  from  these 
reports  that  supplementory  testosterone  propionate  frequently  fails  to  increase  the  drive 
of  sexually  impotent  or  sluggish  animals.  It  is  to  be  noted  in  addition  that  studies  of  the 
bull  and  guinea  pig  have  been  negative.  Injections  of  testosterone  propionate  into  three 
irregularly  breeding  bulls  gave  unsatisfactory  results  (Hart,  Mead  and  Regan,  1946). 
The  strength  of  sex  drive  in  male  guinea  pigs  was  not  raised  above  precastrational  levels 
when  four  times  the  amount  sufficient  to  maintein  the  precastrational  level  was  given 
(Grunt  and  Young,  1952).  This  was  true  whether  the  precastrational  drive  was  low,  me¬ 
dium  or  high.  It  was  concluded  that  in  the  male  guinea  pig  strength  of  sex  drive  is  not 
proportional  to  supra-maintenance  quantities  of  testosterone  propionate.  In  order  to 
check  the  point  further,  a  larger  amount  of  this  hormone  was  administered  under  condi¬ 
tions  which  extended  the  scope  of  the  observations  reported  earlier. 

Twelve  males,  11  months  of  age,  were  selected.  The  average  score  in  10  preliminary 
tests  with  estrous  females  was  4.3  (range  3.4  to  5.6)  on  a  scale  from  0.0  to  20.0.  Only  3 
of  the  12  males  had  achieved  ejaculation  and  these  in  only  5  of  30  tests.  The  animals  were 
divided  into  three  groups  equated  for  their  performance  in  the  preliminary  tests.  Each 
group  consisted  of  3  non-ejaculating  males  and  1  sluggish  male  that  ejaculated  only 
infrequently.  Animals  in  group  1  were  castrated  3  weeks  after  the  preliminary  tests  and 
given  daily  injections  of  5007  testosterone  propionate  i)er  100  gm.  body  weight  for  1 
month  beginning  1  week  after  castration.*  This  quantity  of  hormone  was  selected  be¬ 
cause  it  is  at  least  20  times  the  amount  (12.5  to  257)  that  will  restore  the  precastrational 
level  of  sex  drive  (Grunt  and  Young,  1952).  Animals  in  group  2  remained  intact  but 
received  similar  injections.  Group  3  animals  were  untreated.  All  tests  during  the  pre¬ 
liminary  and  retest  periods  were  concurrent  and  approximately  3  days  apart.  They  were 
given  under  the  standard  conditions  of  caging  and  scoring  described  elsewhere  (Grunt 
and  Young,  1952). 

The  scores  achieved  by  the  males  in  this  study  are  shown  in  Figure  1.  It  will  be 
seen  that  the  experimental  animals  showed  no  significant  gain  in  sex  drive  following  the 
injection  of  at  least  20  times  the  amount  of  testosterone  propionate  necessary  to  restore 
precastrational  levels;  furthermore,  non-ejaculating  animals  did  not  become  ejaculators. 
On  the  contrary,  there  was  a  trend  toward  a  decrease  in  strength  of  sex  drive  in  all 
groups,  a  result  which  is  not  inconsistent  with  the  earlier  observation  that  by  the  end  of  a 
41-week  period  approximately  18%  of  the  original  drive  had  been  lost  (Grunt  and  Young, 
1952).  It  seems  therefore  that  within  the  limits  of  androgen  therapy  maintained  (nearly 
5  mg.  per  day  for  each  animal),  there  is  no  evidence  that  supra-maintenance  quantities 
of  testosterone  propionate  increase  the  sex  drive  of  isolated  adult  male  guinea  i)igs. 

Inasmuch  as  these  animals  showed  no  improvement,  it  is  unlikely  that  their  low  drive 
was  a  consequence  of  androgenic  insufficiency.  The  explanation  for  their  inferior  per¬ 
formance  must  lie  elsewhere  and  it  has  been  suggested  that  the  character  of  the  behavior 
is  determined  in  a  large  part  by  the  nature  of  the  soma  or  substrate  on  which  the  hor¬ 
mones  act  rather  than  by  the  amount  of  hormone,  provided  of  course  the  threshold 
necessary  for  the  somatically  determined  level  has  been  exceeded  (Grunt  and  Young, 
1952). 

Acceptance  of  this  hypothesis  ])rompts  us  to  suggest  that  the  effectiveness  of  supra- 
maintenance  quantities  of  testosterone  propionate  without  regard  for  the  basis  of  pre¬ 
treatment  sexual  performance  might  well  be  questioned  until  it  has  been  demonstrated 
1)  that  the  animals  were  not  suffering  from  androgenic  insufficiency,  and  2)  that  step- 
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Fig.  1.  Strength  of  sex  drive  in  8  low  drive  male  guinea  pigs  before  and  during 
treatment  with  5OO7  testosterone  propionate  per  100  gm.  daily  (Groups  1  and  2)  and  in 
4  controls  (Group  3). 

wise  increases  in  supra-maintenance  amounts  of  testosterone  propionate  result  in  step¬ 
wise  increases  in  drive.  To  the  best  of  the  writers’  knowledge,  the  reports  on  which  such 
claims  are  based  have  not  met  both  of  these  conditions.  As  matters  stand  at  the  moment, 
therefore,  there  are  reasons  for  doubting  that  large  quantities  of  testosterone  propionate 
per  se  cause  intense  and  mature  sexual  behavior.  It  seems  more  likely  that  androgen  is 
necessary  for  the  development  and  maintenance  of  mature  sexual  behavior  (Moore  and 
Price,  1938;  Stone,  1939;  Beach  and  Holz,  1946),  but  at  a  level  peculiar  to  the  indi¬ 
vidual  animal  (Riss  and  Young,  1954). 

SUMM.\RY 

The  strength  of  sex  drive  was  not  raised  above  the  pretreatment  level  when  low  drive 
male  guinea  pigs  were  injected  with  more  than  20  times  the  threshold  quantity  (amount 
that  restores  sex  drive  to  the  precastrational  level)  of  testosterone  propionate. 
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THE  1954  ANNUAL  MEETING 


The  Thirty-sixth  Annual  Meeting  of  The  Endocrine  Society  will  be  held 
in  the  Sir  Francis  Drake  Hotel,  San  Francisco,  California,  Thursday,  Fri¬ 
day,  and  Saturday,  June  17-18-19,  1954. 

Dr.  Roberto  F.  Escamilla,  655  Sutter  Street,  San  Francisco,  California, 
is  in  charge  of  the  local  arrangements  for  the  meeting. 

All  Scientific  Sessions  will  be  held  in  the  Sir  Francis  Drake  Hotel.  The 
rooms  in  which  each  session  will  be  held  wdll  be  announced  in  the  program 
and  on  the  hotel  bulletin  board.  The  annual  dinner  is  scheduled  for  Friday, 
June  19,  at  7:30  p.m.,  preceded  by  cocktails  at  6:30  p.m. 

Hotel  reservations  can  be  made  through  the  San  Francisco  Convention 
and  Visitors’  Bureau,  Room  ifZOO,  Civic  Auditorium,  San  Francisco,  Cali¬ 
fornia.  They  should  be  accompanied  by  the  official  AMA  application  form 
which  appears  during  December  of  1953  in  JAMA. 

Arrangements  have  been  made  for  members  of  this  society  who  do  not 
belong  to  the  AMA  to  be  assigned  rooms  during  the  days  of  the  meeting 
of  the  Endocrine  Society.  Applications  from  non-members  of  the  AMA 
should  specify  dates  of  arrival  and  departure  and  be  accompanied  by  a 
deposit  of  $10  per  room. 

Confirmations  will  not  be  sent  until  after  February  1,  1954,  but  appli¬ 
cations  should  be  made  promptly  in  order  to  insure  the  reservation. 

Those  wishing  to  present  papers,  which  will  be  limited  to  ten  minutes, 
should  send  four  copies  of  the  title  and  abstract  to  the  Vice-President, 
Dr.  George  W.  Thorn,  Peter  Bent  Brigham  Hospital,  Boston,  Massa¬ 
chusetts,  not  later  than  February  1,  1954.  It  is  imperative  that  the  ab¬ 
stracts  be  informative  and  complete  with  results  and  conclusions  in  order 
that  they  may  be  of  reference  value  and  suitable  for  printing  in  the  program 
and  Journals  of  the  Society.  The  following  regulations  for  the  preparation 
of  abstracts  and  titles  must  be  carefully  followed  to  insure  consideration  of 
the  paper  for  the  program: 

1.  Abstracts  may  not  exceed  two  hundred  words,  or  equivalent  space, 
exclusive  of  title.  No  footnotes  nor  acknowledgements  to  sponsors 
can  be  published.  References,  if  used,  must  be  placed  in  the  body  of 
the  text.  The  abstract  should  consist  of  a  single  paragraph,  if  possible. 
Structural  chemical  formulas  cannot  be  used. 

2.  The  title  heading  must  be  arranged  as  follows: 

Line  1.  Title,  not  to  exceed  fifteen  words. 

Line  2.  Author/s.  The  name  of  each  non-member  author  collabo¬ 
rating  with  member-authors  is  to  be  followed  by  the  phrase 
“(by  invitation).”  Names  of  non-members  who  are  intro¬ 
duced,  i.e.,  who  are  not  collaborators  with  member-authors, 
are  to  be  followed  by  the  phrase  “(introduced  by  .  .  .).” 
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The  principal  degree,  e.g.,  M.D.,  of  each  author  should  be 
given  after  his  name. 

Line  3.  Institution  of  origin  and  city  in  which  institution  is  located. 

3.  The  body  of  the  abstract,  typed  double-space,  should  follow  the  head¬ 
ing.  The  original  copy  should  be  on  bond  paper.  There  should  be 
three  copies. 

4.  Abstracts  should  be  letter-perfect,  since  there  will  be  no  opportunity 
for  proof  reading  by  authors. 

1954  AWARD  AND  FELLOWSHIPS 

The  award  and  Fellowships  presented  by  The  Endocrine  Society  carry  no 
obligation  by  the  recipient  to  the  Society  or  to  the  donors. 

FELLOWSHIPS 

Society  Fellowships  are  designed  to  assist  men  or  women  of  exceptional 
promise  in  furthering  their  educational  training  and  advancement  toward 
a  scientific  career  in  endocrinology.  Fellowships  may  be  awarded  to  an 
individual  who  possesses  the  Ph.D.  or  M.D.  degree  or  to  a  candidate  for 
either  of  these  degrees.  The  stipend,  which  will  not  exceed  S5,000,  may 
be  divided  into  two  Fellowships  in  varying  amounts,  in  accordance  with 
the  qualifications  of  the  appointee.  The  Committee  will,  in  reviewing  the 
proposed  program  of  study,  consider  the  amount  of  time  which  the  Fellow 
intends  to  spend  in  course  work  and/or  teaching.  He  must  present  evidence 
of  scientific  ability  as  attested  by  studies  completed  or  in  progress  and/or 
the  recommendation  of  responsible  individuals.  He  must  submit  a  program 
of  proposed  study,  indicate  one  or  more  institutions  where  the  proposed 
program  will  be  followed,  and  submit  statements  of  approval  from  the  in¬ 
vestigators  with  whom  he  proposes  to  conduct  his  research.  He  must  serve 
full  time  if  awarded  a  Fellowship.  A  small  amount  of  time  (10  to  15  per 
cent)  may  be  allotted  for  course  work  or  for  participation  in  teaching,  the 
latter  purely  on  a  voluntary  basis. 

The  Ayerst,  McKenna  and  Harrison  Fellowship 

The  Ayerst,  McKenna  and  Harrison  Fellowship  was  first  aw'arded  in  1947 
to  Dr.  Samuel  Dvoskin  and  in  1948  to  Dr.  Ernest  M.  Brown,  Jr.  Dr. 
Brown  was  re-elected  for  the  Fellowship  in  1949.  The  1950  Fellowship  w'as 
aw^arded  to  Dr.  Lawrence  E.  Shulman  and  in  1952  to  Dr.  John  C.  Laidlaw'. 
The  Fellowship  will  be  in  the  amount  of  S5,000  and  will  be  given  on  alter¬ 
nate  j’ears. 
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The  Schering  Fellowship  in  Endocrinology 

This  Fellowship  will  not  be  awarded  in  1954  in  order  that  it  may  accumu¬ 
late  toward  a  $5,000  Fellowship  to  be  awarded  in  1955. 

AWARD 
The  Ciba  Award 

The  Ciba  Award,  to  recognize  the  meritorious  accomplishment  of  an  in¬ 
vestigator,  not  more  than  thirty-five  years  of  age,  in  the  field  of  clinical  or 
preclinical  endocrinology,  was  established  in  1942,  but  no  recipient  was 
selected  in  1942  or  1943.  In  1944  the  Award  was  presented  to  Dr.  E.  B. 
Astwood;  in  1945  to  Dr.  Jane  A.  Rmssell;  in  1946  to  Dr.  Martin  M.  Hoff¬ 
man;  in  1947  to  Dr.  Choh  Hao  Li;  in  1948  to  Dr.  Carl  Heller;  in  1949  to 
Dr.  George  Sayers;  in  1950  to  Dr.  Oscar  M.  Hechter;  in  1951  to  Dr.  Albert 
Segaloff.  Effective  in  1952,  the  Award  was  increased  from  $1,200  to  $1,800 
and  the  recipient  was  Dr.  Seymour  Lieberman;  in  1953  the  Award  was 
presented  to  Drs.  Sidney  Roberts  and  Clara  Szego.  If  within  twenty-four 
months  of  the  date  of  the  Award,  the  recipient  should  choose  to  use  it 
toward  further  study  in  a  laboratory  other  than  that  in  which  he  is  at 
present  working,  it  will  be  increased  to  $2,500. 

Nominations 

Each  member  has  the  privilege  of  making  one  nomination  for  each  Fellow¬ 
ship  or  Award.  A  nomination  should  be  accompanied  by  a  statement  of  the 
importance  of  the  nominee’s  contributions  to,  or  interest  in,  endocrinology 
and  by  a  bibliography  of  the  nominee’s  most  important  publications,  with 
reprints  if  possible.  The  nominations  should  be  made  on  special  application 
forms  which  may  be  obtained  from  the  Secretary,  Dr.  Henry  H.  Turner, 
1200  North  Walker  Street,  Oklahoma  City,  Oklahoma,  and  returned  to 
him  not  later  than  March  1,  1954. 


AMERICAN  GOITER  ASSOCIATION 

The  next  annual  meeting  of  the  American  Goiter  Association  will  be 
held  at  the  Somerset  Hotel,  Boston,  Massachusetts,  April  29,  30  and  May 
1,  1954. 


